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Despite the key importance of altered 
oceanic mantle as a repository and carrier 
of light elements (B, Li, and Be) to depth, 
its inventory of these elements has hardly 
been explored and quantified. In previous 
studies about the input of light elements 
into subduction zones, serpentinites were 
largely neglected, as only rare data have 
been available. In order to constrain the 
systematics and budgets of these elements in 
the oceanic lithosphere, this thesis has studied 
samples of highly serpentinized peridotites 
from the mid-Atlantic ridge (ODP Leg 209) 
and progressively metamorphosed alpine 
ophiolites (Totalp, Platta and Malenco, Swiss-
Italian Alps). Light element concentrations 
in minerals and whole rock samples within 
serpentinized peridotites were thus acquired 
to understand these processes. Moreover 
the isotopic ratios (δ7Li, δ11B and 87Sr/86Sr) of 
whole rock samples of oceanic serpentinites 
have been determined. 
Different in-situ analytical methods (electron 
microprobe analysis, secondary ion mass 
spectrometry) were used to determine major 
and light element compositions of primary and 
secondary minerals. B and Cl concentrations 
of whole rock samples were determined with 
prompt-gamma activation analysis (PGAA). 
B-isotopes were analysed with TIMS, while 
Li concentration and isotopes were measured 
with MC-ICPMS. As imaging techniques, 
the backscattered electron (BSE) device 
of a scanning electron microscope (SEM) 
was used, while images on the nm scale 
were obtained from transmission electron 
microscopy (TEM).
With the aim of developing a new analytical 
protocol to analyse efficiently Li, Be and B 
whole rock data, we combined fusion of 
sample powders using an Iridium-strip heater 
with in-situ Li, Be and B measurements on 
SIMS. To assure that no light element loss 
or gain occurs during heating on the Ir-strip, 
experiments were conducted at different 
heating times and temperatures. In general, 
all light elements show volatile behaviour as 
loss is reported compared to reference values. 
Li and Be concentrations however are within 
analytical uncertainties. B, on the contrary, 
is highly volatile on the Ir-strip and high loss 
occurs at 1800°C. Additionally, one samples 
showed that light element loss is probably 
also related to initial water content, as nearly 
no B loss was measured in a nearly water 
free sample.
During exhumation of the mantle, late 
stage melt impregnation can influence 
the light element whole rock signal. Once 
exposed or emplaced near the ocean floor, 
alteration is the major process influencing 
the primary light element mantle signature 
of the oceanic mantle. At ODP Leg 209, late-
stage clinopyroxenes have distinctly higher 
Li concentrations than depleted mantle, thus 
the latter dominates Li in whole rock sample. 
B, on the contrary, is enriched in serpentine 
and the latter hence controls the B content of 
the serpentinized mantle. Calculation of the 
B and Li budget of an idealized oceanic plate 
showed that at slow and fast spreading ridges, 
B content is controlled by serpentinites, while 
the oceanic crust controls the Li budget. 
Thus, serpentinization of the oceanic plate is 
an important process in the understanding of 
the element recycling within the subduction 
zone factory. 
Isotope measurements on whole rock 
samples from ODP Leg 209 revealed the 
highest δ11B (+40.66‰) and the lowest 
δ7Li (-28.46‰) reported so far for oceanic 
serpentinites. Serpentinization is the major 
process enriching B and leaching Li out of 
the rock. Hence, also the isotopic signal must 
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be related to serpentinization. Moderate 
water-rock interaction, as calculated on the 
basis of 87Sr/86Sr ratios, very likely produced 
the δ7Li and δ11B values found at ODP Leg 
209. Seawater alteration would lead to an 
isotopic signal of δ11B +21‰ in serpentinized 
peridotite, which is not in line with our data 
set. Therefore, a different process must have 
led to such high δ11B values, if equilibrium 
conditions are assumed. Our modelling 
results, based on the isotopic signature of a 
batch of fluid interacting with rocks during 
penetration into the oceanic plate, show that 
with increasing volume passed continuously 
evolution occurs. Such an evolved fluid could 
account for the high δ11B and low  δ7Li signal 
reported at ODP Leg 209. 
The Totalp-Platta-Malenco transect shows 
prograde alpine metamorphism from 
prehnite-pumpellyite to epidote-amphibolite 
facies from north to south. In the Malenco 
massif (epidote-amphibolite facies), the Be 
concentrations within primary mantle phases 
and metamorphic minerals are similar. Thus, 
Be mobility during prograde metamorphism 
is very low or Be is immobile. B and Li, on 
the contrary, show a mobile behaviour. The 
polymorphic change between chrysotile and 
antigorite expels B, while Li concentration 
stays in the same range, but decreases 
slightly. Further on, chlorites behave similar 
to serpentine with respect to B and Li loss with 
increasing metamorphism. As serpentine and 
chlorite are phyllosilicates, an explanation for 
the observed B and Li change might be the 
internal structural order, as internal order 
increases with increasing P-T. Nevertheless, 
the loss of B during antigorite formation 
shows that during chrysotile breakdown, a 
B-rich fluid should be expelled from the rocks 
and influence the overlying mantle wedge. 
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Chapter I
Introduction
Since at least a decade, light elements, their behaviour and cycle through the Earth have 
become an important topic for geochemists. But actually, what are “light elements”? The 
term roots in the very low atomic mass of these elements, which are hydrogen (H), helium 
(He), lithium (Li), beryllium (Be) and boron (B). In general, geochemists referring to light 
elements include only Li, Be and B in their definition and tend to exclude H and He. In 
the periodic system, the light elements are situated just next to each other and show an 
electron configuration of He (1s2) plus one, two or three electrons. They are monovalent 
(Li+), divalent (Be2+) and trivalent (B3+). The interest of geochemists in Li, Be and B is due to 
two fundamental characteristics of these elements. First, Li and B are fluid-mobile. Second, 
each has two major isotopes with a large mass difference, and therefore a large fractionation 
in nature. Be, on the contrary is mostly of low abundance and rather fluid-immobile. Light 
elements and their isotopes can hence be used to monitor many geological processes (e.g. 
δ11B in foraminifers as a paleo-pH-meter of the ocean; Spivack et al., 1993, or dating surface 
exposure time in carbonate rocks; Merchel et al., 2008). Also, recent increase of precision 
on diverse methods and machines leads to more and more studies of rocks with low light 
element abundances (e.g. mantle, meteorites). 
Lithium sits on position 3 within the periodic system of the elements and has an atomic 
mass of 6.94u. Melting point of pure lithium is 180.5°C. Lithium belongs to the alkali metals 
and has two stable isotopes, 6Li and 7Li, with a natural abundance of 7.59% and 92.41%, 
respectively. The relatively large isotopic fractionation occurring in nature (up to 60‰) is 
a result of the large mass difference between the two isotopes. The atomic radius of Li+ in 
6-fold coordination is 0.76Å, similar to that of octahedrally coordinated Mg2+ (0.72Å) and 
Fe2+ (0.76Å). Radioactive isotopes of Li have half-lives of <1s and therefore no geological 
application. Major Li-bearing mineral phases are lepidolite (Li mica), spodumene (Li pyroxene) 
and lithium carbonates. 
Beryllium, an alkaline metal, has an atomic number of 4 and an atomic mass of 9.01u. 
Beryllium has a melting point of T= 1287°C. The atomic radius of Be2+ (0.26Å) is similar 
to that of Si4+ (0.27Å), but direct substitution is rare due to the high difference in charge. 
Although twelve isotopes of beryllium exist, only one isotope (9Be) is stable. The short-lived 
isotopes 6Be, 8Be, 11Be and 12Be decay within a fraction of a second. Cosmic ray spallation of 
oxygen and nitrogen in the atmosphere produces cosmogenic 10Be. As the half-life time of 10Be 
is 1.51 million years, the analysis of 10Be/9Be ratios in natural surfaces allows determination 
of exposure ages. Beryl is the most abundant Be-containing mineral. 
Boron is a non-metallic element with an atomic mass of 10.81u. The melting point of boron is 
at 2300°C. The atomic radius of B3+ is 0.11Å in tetrahedral coordination and 0.01Å in trigonal 
coordination. As B is mostly bound to O [forming B(OH)3 or B(OH)4], substitution in silicates 
is limited to Si4+ and Al3+ on tetrahedral sites, creating a distortion of the TO4 units. Boron has 
thirteen known isotopes, with 7B as the most unstable one (half-life of 3.265x10-22 s). The 
half-lives of all radioactive isotopes (8B and 12B to 19B) are below 1 second and have therefore 
no geological application.10B and 11B are the two stable isotopes with natural abundances of 
18.8% and 80.2% respectively. During alteration processes, 11B may be enriched or depleted 
in fluids compared to the residue. The wide range of natural fractionation (~60‰) of B 
isotopes is a result of this geochemical behaviour. Major boron-containing minerals are boron 
silicates (e.g. tourmaline) and evaporite minerals (e.g. probertite, rivadavite, borax).
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1.1 Aims & scope of the thesis
Despite the potential key importance of 
the oceanic mantle as a repository of light 
elements, its inventory of these elements was 
only poorly constrained. Rare measurements 
indicated that Li and B are enriched in 
serpentinites (Bonatti et al., 1984; Decitre et 
al., 2002), but a detailed in-situ and whole 
rock study on these elements in serpentinites 
was missing. Studies on arc-volcanoes 
revealed that light element concentrations 
and isotopic ratios changed with increasing 
depth to the slab and / or distance from the 
subduction zone (see Fig. 1.1 for detailed data 
and references). It is therefore important 
to understand the processes in the oceanic 
plate, which control the potential input of B 
and Li into subduction zones. Alteration has 
been identified to be the most important 
process for enriching B in the oceanic crust 
(e.g. Seyfried et al., 1984). Furthermore, the 
ocean Li and B budget is controlled by the 
alteration of the oceanic plate (Seyfried et 
al., 1984; Spivack and Edmond, 1987; Chan 
et al., 1992; ). To constrain the importance of 
lithium, beryllium and boron in mantle rocks 
in the global geochemical cycle, the SNF-
project “The oceanic mantle as an important 
repository for the light elements Li, Be and B” 
was defined. 
This project gave rise to two PhD projects 
(Laure Pelletier and Flurin Vils). Together, we 
studied the abundance of light elements, their 
mobility and partitioning and their isotope 
systematic in rock-forming minerals and 
whole rock samples of hydrothermally altered 
oceanic mantle. To understand the behaviour of 
the light elements within the subduction zone 
factory as well as during emplacement into 
the continental crust, samples from different 
geodynamic environments have been studied 
during this project: ocean floor serpentinite 
(ODP Leg 209; mid Atlantic ridge), non-
subducted ophiolites (Pindos and Vourinos 
ophiolites; Greece), non-metamorphic 
ophiolite in crustal environment (Geisspfad; 
Alps) and metamorphic ophiolites in crustal 
environment (Totalp, Platta, Malenco and 
Cima di Gagnone; Alps). My thesis focused 
mainly on serpentinized spinel harzburgites 
from a) ODP Leg 209 Site 1272A & 1274A 
and b) Alpine ophiolites (Totalp, Platta and 
Malenco). 
Our detailed study of the different ophiolites 
is the first systematic high quality dataset 
on the concentrations of light elements of 
serpentinites. This dataset will considerably 
influence the general understanding of the 
light elements behaviour, e.g. behaviour of 
light elements during polymorphic change 
from chrysotile to antigorite (Totalp-Platta-
Malenco profile) or during alteration of 
the oceanic mantle. Further on, potential 
contribution of serpentinites to the light 
element input into subduction zones can 
be affirmed, shedding light on processes 
occurring in the subduction zone factory. 
1.2 Isotopes and water/rock 
ratios
Isotopes of an element (same number of 
electrons and protons) have different numbers 
of neutrons and thus different masses (e.g. 6Li 
and 7Li). Some isotopes decay within seconds, 
days or years (e.g. 7B half-life of 3.265 x 10-
22 s) and others are stable. Stable isotopes 
with large mass differences show a distinct 
behaviour. During incorporation of elements 
in minerals, certain isotopes are preferred, 
which leads to a disequilibrium in favour of 
one isotope, called fractionation. Fractionation 
refers to the isotopic composition of mineral-
fluid or mineral-mineral in equilibrium, 
but with different isotopic signatures. The 
fractionation factor between two isotopes 
(expressed as “alpha”) is calculated using EQ 
1.1. 
 
     (EQ 1.1)
To express the ratio of isotopic abundance 
in a two-isotope system, the delta notation is 
used (e.g. δ11B). It reflects the isotope ratio 
in a sample relative to the same ratio in a 
standard, in permil (EQ 1.2). 
 
     (EQ 1.2)
where A is the element, and x and y the 
mass number of the heavier and the lighter 
isotope, respectively (e.g. 7Li/6Li). Different 
standards are used for different isotope 
systems. Li isotope ratios are expressed 
relative to those of NIST L-SVEC (Li2CO3), B 
isotope ratios are given relative to those of 
NIST-SRM 951 (H3BO3). 
€ 
αA−B =
δ xAphase_ A
δ xAphase_ B
€ 
δ xA = ( (
xA/yA)sample
(xA/yA)standard
−1)*1000
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While studying alteration of the ocean floor, 
it is also important to be able to quantify the 
water-rock interactions. Taylor (1977) and 
McCulloch et al. (1980) showed that water/
rock ratios (N) can be calculated using EQ 
1.3.
 
   
     (EQ 1.3)
where r corresponds to rock, w to water 
or fluid, f to final, i to initial, and c to 
concentration. As strontium isotopes show no 
fractionation (α = 1) and as we are interested 
in the final isotopic composition of the fluid, 
EQ 1.3 can be transformed into EQ1.4, if 
€ 
δrf = δwf − Δ is assumed.
 
    
     (EQ 1.4)
Fractionation of isotopes is not only 
dependent on water-rock interaction but also 
controlled by pH, temperature and pressure. 
For example, B is trigonally coordinated 
at low pH, but tetragonal coordination is 
dominant at high pH (Spivack and Edmond, 
1987; Boschi et al., 2008). The change in 
coordination also modifies the possibility 
of incorporation in minerals, e.g. trigonally 
coordinated B is incorporated in calcite, 
tetrahedrally coordinated B in aragonite, but 
not vice versa. In melts, B is also trigonally 
or tetragonally coordinated. Li isotope 
fractionation is not pH-dependent, but P- and 
T-dependent (Wunder et al., 2006; Vigier et 
al., 2008). 
seawater 
fresh MORB 
primitive mantle
depleted mantle
pelagic sediments 
volcanic arc basalts 
continental crust 
meteorite (CI) 
Li 1.6 µg/g
B 0.3 µg/g
peridotite xenoliths
Li 0.18 µg/g 
B 4.6 µg/g 
Li 3-16 µg/g 
B 0.6-4.6 µg/g 
Li 0.70  µg/g
B 0.06 µg/g
Li 1.2-2.3 µg/g
B 0.03-0.26 µg/g
Li 
B 
Li 1.49 µg/g 
B 0.87 µg/g 
2-50 µg/g 
3-57 µg/g 
altered basalt 
Li
B 2-120 µg/g
7-33 µg/g 
vent fluids 
Li 1.75 µg/g 
B 3.63 µg/g 
B 10-18 µg/g 
Li 11-22 µg/g 
eclogites 
7-40 µg/g2.2-4.8  µg/g
Li
B
Li 2-80 µg/g 
B 15-132 µg/g 
?
? ?
Be 0.025 µg/g
Be  0.1-2.5 µg/g
0.06-2.3 µg/gBe
Be 0.1-2.6 µg/g
1.8-2.9 µg/g
Be
Be  0.068 µg/g
Be  0.0002 µg/g
Be   0.18-3.38 µg/g
1.1-2.3 µg/gBe 
Be  24.9  µg/g 
Be   2-2.69 µg/g 
Fig. 1.1. Illustration showing the Li, Be and B cycle of the oceanic plate (primitive mantle: McDonough 
and Sun, 1995; depleted mantle: Salters and Stracke, 2004; MORB: Ryan and Langmuir, 1987; Chan 
et al., 1992; Ryan and Langmuir, 1993; seawater: Quinby-Hunt and Turekian, 1983; Douville et al., 
2002; chondrite: Anders and Grevesse, 1989; continental crust: Gao et al., 1998; Rudnick and Gao, 
2004; eclogites: Zack et al., 2003; Marschall et al., 2007; pelagic sediments: Ishikawa and Nakamura, 
1993; volcanic arc basalts: Ryan et al., 1995; Moriguti and Nakamura, 1998; Tomascak et al., 2002; 
vent fluids: Schmidt et al., 2007; xenoliths: Ottolini et al., 2004; Pearson et al., 2004).
€ 
N = (δr
f −δri
δwi −δwf
) × cr
i
cw
i
€ 
δwf =
N *δwi +
Cr
Cw
* (δri + Δw−r )
N + Cr /Cw
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Fig. 1.3. Compilation of published B and δ11B data (Spivack and Edmond, 1987; Palmer, 1991; 
Chaussidon and Koeberle, 1995; Chaussidon and Marty, 1995; Smith et al., 1995; Zhai et al., 1996; 
Ishikawa and Tera, 1997; Smith et al., 1997; Moriguti and Nakamura, 1998; Hart et al., 1999; 
Aggarwal et al., 2000; Benton et al., 2001; Ishikawa et al., 2001; Rose et al., 2001; Tonarini et 
al., 2001; Rosner et al., 2003; Kobayashi et al., 2004; Leeman et al., 2004; Moriguti et al., 2004; 
Joachimski et al., 2005; Tonarini et al., 2005; Krolikowska-Ciaglo et al., 2007; Turner et al., 2007; 
Boschi et al., 2008).
1.3 Light elements in the Earth
1.3.1 Light elements in the mantle
Based on element partition coefficients, the 
light element content of the primitive mantle 
is estimated to be 1.6 µg/g Li, 0.054-0.068 
µg/g Be and 0.17-0.3 µg/g B (McDonough 
and Sun, 1995; Lyubetskaya and Korenaga, 
2007). Depleted mantle as the residue after 
extraction of modern basalt is estimated 
to contain 0.7 µg/g Li, 0.025 µg/g Be and 
0.06 µg/g B (Salters and Stracke, 2004). 
CI meteorites have an average of 1.49 µg/g 
Li, 0.0249 µg/g Be and 0.69 µg/g B (Palme 
and Beer, 1993). They show similarity in Li 
content but enrichment in Be and B compared 
to primitive mantle. 
Estimates for Li and B isotope ratios of 
primitive or depleted mantle do not exist. 
As no fractionation between source material 
and magma occurs, mid-ocean ridge basalt 
(MORB) values should represent the values of 
the underlying mantle. A compilation of δ7Li 
data from MORB (Fig. 1.2) suggests that the 
δ7Li value of the depleted mantle is around 
+4‰, although lower and higher values have 
also been measured. Average δ11B of N-MORB 
is  -3‰ (Hart et al., 1999; Fig. 1.3). 
Slightly serpentinized to fresh harzburgites 
from Pindos (Greece) have low Li (0.5 to 1.1 
µg/g) and low B contents (0.1 to 1.1 µg/g B) 
(Pelletier et al., 2008). Highly serpentinized 
peridotites dredged on the Atlantic ocean floor 
show high B content varying from 20 to 100 
µg/g (Thompson and Melson, 1970; Bonatti 
et al., 1984). Dredged abyssal peridotites 
(world wide) show Li and Be contents of 0.6-
13.7 µg/g and 0.001-0.212 µg/g, respectively 
(Niu, 2004). 
Additional information about the upper 
mantle composition can be obtained 
from studies on mantle xenoliths. Recent 
publications revealed that B and Li isotope 
ratios vary and may not always represent 
the upper mantle composition (e.g. Jeffcoate 
et al., 2007; Rudnick and Ionov, 2007; 
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Fig. 1.2. δ7Li histogram of a compilation on MORB 
showing the average concentration of the mantle 
(values are from Chan et al., 1992; Chan et al., 
2002; Bouman et al., 2004; Elliott et al., 2006; 
Tomascak et al., 2008).
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Ionov and Seitz, 2008). Metasomatism, 
host magma - xenolith interaction and high-
temperature fractionation probably modified 
the initial isotope ratios in these cases. 
Further on, in-situ Li isotope measurements 
on one orthopyroxene grain revealed 40‰ 
fractionation within a single zoning profile, 
corresponding to the entire spread in δ7Li 
observed on Earth (Fig. 1.4). This isotopic 
disequilibrium might be explained with rapid 
diffusion in the magma chamber (Jeffcoate et 
al., 2007). 
1.3.2 Light element cycle in the oceanic 
plate
Accurate studies of light elements may help 
to understand the processes and interactions 
between the large geochemical reservoirs 
of the Earth. Therefore, constraining the 
composition of the primitive and modern 
depleted mantle is also important for 
understanding the behaviour of the light 
elements during cycling through a subduction 
zone. Figure 1.1 indicates the different values 
for the three elements related to processes 
and reservoirs. Melts emerging at the MOR 
from the underlying mantle are low in Li, 
Be and B content compared to continental 
crust, although they are enriched in these 
elements compared to primitive mantle (Fig. 
1.1). Interaction of MORB with the seawater 
leads to altered basalts with high Li and B 
contents. These enrichment processes are in 
line with the Li and B contents of fluids from 
hydrothermal vent sites. Recent discoveries 
of hydrothermal vent sites reflecting 
serpentinization processes (e.g. Lost City; 
Kelley et al., 2001) may help to understand 
the evolution of altered peridotites. Up to date, 
no isotopic data of such fluids are published 
and light element concentration data are rare 
(Logatchev: Douville et al., 2002; Schmidt 
et al., 2007). Serpentinites tend to show two 
characteristics: high-temperature fluids, such 
as those found in Hess Deep (Decitre et al., 
2002) induce high Li contents and heavy δ7Li 
in the altered rock, while low-temperature 
serpentinization leads to low Li contents and 
light δ7Li compared to the depleted mantle. 
When an oceanic plate enters a subduction 
zone, dehydration reactions occur and 
deplete the altered MORB in light elements. 
However, eclogites (high-pressure MORB) 
can still contain much Li (up to 72.3 µg/g) 
and B (up to 2.48 µg/g; Marschall, 2005). 
Intense studies of back-arc volcanoes showed 
that there seems to be a decrease in Li and B 
with increasing slab depth (e.g. Ryan et al., 
1995). The authors concluded that this might 
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Fig. 1.4. Compilation of published Li and δ7Li data (Chan et al., 1992; Hoefs and Sywall, 1997; Moriguti 
and Nakamura, 1998; Zhang et al., 1998; Chan and Kastner, 2000; Tomascak et al., 2000; Chan et 
al., 2002; Decitre et al., 2002; Tomascak et al., 2002; Zack et al., 2003; Benton et al., 2004; Brooker 
et al., 2004; Kobayashi et al., 2004; Leeman et al., 2004; Nishio et al., 2004; Rudnick and Gao, 2004; 
Ryan and Kyle, 2004; Teng et al., 2004; Chan et al., 2006; Elliott et al., 2006; Magna et al., 2006a; 
Magna et al., 2006b; Halama et al., 2007; Tomascak et al., 2008).
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be a hint of decreasing water release from 
the subducted slab. Further on, B/Be ratios 
are used to understand such processes, as 
Be is an immobile element and B tends to 
migrate with the fluid phase (Bebout et al., 
1993; Bouvier et al., 2008). 
1.3.3 B and Li isotopes
Li and B concentrations within rocks of the 
Earth vary over several orders of magnitude 
(e.g. 0.004 to 209 µg/g for B; Fig. 1.3). 
As enrichment and depletion are related to 
dehydration, alteration, erosion, or melting, 
light element isotope ratios of rocks may 
contain signals of older events and can thus 
be used as fingerprints of the geodynamic 
history of the studied rocks (Fig. 1.3, 1.4). 
Transformation of granites to saprolites leads 
to a decrease in Li and to lighter δ7Li (up to 
-25‰; Rudnick et al., 2004). Alteration of the 
continental crust leads to an enrichment of 
river water in 7Li (e.g. +29.4‰ δ7Li, Amazone; 
Chan et al., 1992). As measured and assumed 
in- and outputs of the ocean do not match and 
as seawater (+32.3‰ δ7Li) shows a steady 
state (Chan et al., 1992), a missing phase was 
proposed with a δ7Li fractionation factor (α) 
between 0.981 and 0.973 (Chan et al., 1992). 
Recent low-temperature experiments on δ7Li 
fractionation of clay minerals showed lower 
α (0.899 at 25°C), and new calculations of 
the ocean budget suggested that the missing 
phase should have a fractionation factor of 
α= 0.979 (Vigier et al., 2008). 
Contrary to Li, B is pH-dependent, as B forms 
trigonal and tetragonal complexes in water 
(Spivack and Edmond, 1987). Therefore, 
in addition to mineral-fluid fractionation, a 
fractionation within the fluid phase has to be 
considered. As silicates prefer incorporation of 
tetragonal bound B, the abundance or absence 
of the two complex species leads to the wide 
δ11B variety observed in nature (Fig. 1.3). 
E.g. alteration of MORB leads in average to 
heavier δ11B whole rock composition. Similar 
enrichment of 11B during alteration can be 
observed in serpentinites. Mariana fore-arc 
serpentinites are enriched in 11B (δ11B of up 
to +25.3‰; Benton et al., 2001) compared 
to mantle (-3‰, Hart et al., 1999).
1.4 Geological setting
The main focus of this study are hydrother-
mally altered ultramafic rocks (serpentinites), 
composed mostly of serpentine. This 
phyllosilicate occurs as three polymorphs: 
chrysotile, antigorite and lizardite. Antigorite 
is the high-temperature polymorph and 
is normally less abundant in rocks altered 
at low temperatures, while chrysotile and 
lizardite are the low-temperature mineral 
phases. Serpentine is the alteration product 
formed after olivine, orthopyroxene and 
clinopyroxene. The mineralogical structure of 
serpentine favours the incorporation of water 
and small cations (like B3+). Some key reaction 
paths are: Mg2SiO2 (forsterite) + SiO2(aq) 
+ H2O => Mg3Si2O5(OH)4 (serpentine) or 
chrysotile + talc => antigorite.
Serpentinization of peridotites is thought to 
occur in four different geological settings: at 
transform faults at MOR, seafloor weathering, 
plate bending and hydration of the mantle 
wedge (Fig. 1.5). Additionally, serpentinization 
might also occur during metamorphism. 
Penetration depth of serpentinization within 
the oceanic plate is still under discussion in 
Fig. 1.5. Illustration 
after Li and Lee (2006), 
showing the different 
geotectonic settings in 
which serpentinization 
may occur. A: infilt-
ration of seawater via 
transform faults; B: 
marine weathering due 
to exposure on the 
ocean floor; C: seawater 
infiltration during bending 
of the subducting slab; 
D: serpentinization 
of the forearc mantle 
wedge by fluids from the 
dehydrating slab.
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the scientific community. Estimates range 
from some hundreds of meters up to 40 km 
depth (e.g. Macdonald and Fyfe, 1985; Li and 
Lee, 2006). As the serpentinized layer can 
drag an important amount of trace elements 
into a subduction zone, antigorite breakdown 
can liberate these elements to the mantle 
wedge and bring it into the arc volcano cycle 
(see also Fig. 1.1; Ulmer and Trommsdorff, 
1995; Schmidt and Poli, 1998). It is therefore 
important to study these elements in 
serpentinites to understand the recycling of 
the latter in the subduction zone factory.
To study the light element content of 
serpentinized oceanic mantle, several places 
were chosen in order to cover the most 
abundant types of oceanic mantle exposed on 
the Earth today. The areas I studied during 
my thesis are a part of the mid-Atlantic ridge 
(ODP Leg 209 Sites 1272A & 1274A), Totalp 
and Platta (Swiss Alps) and Malenco ophiloites 
(Italian Alps).
1.4.1 ODP Leg 209
Situated at the mid-Atlantic ridge (MAR), 
ODP Leg 209 was drilled to recover mantle 
material and compared it with models of 
mantle flow underneath a slow-spreading 
ridge with a natural example. From the 8 
drilling sites, we obtained samples from Site 
1272A and 1274A drilled north and south of 
the Fifteen-Twenty-Fracture zone (Fig. 1.6). 
Full spreading rate at that part of the MAR is 25 
mm/y (Fujiwara et al., 2003), corresponding 
to a slow-spreading ridge. Mostly ultrabasic 
rocks crop out in this area, covered only by 
a thin sediment layer (Kelemen et al., 2004; 
Kelemen et al., 2007). 
In 2004, Bach et al. showed the down-hole 
distribution of minerals (mainly serpentine, 
olivine, clinopyroxene, spinel and magnetite). 
ODP Leg 209 Site 1272A is characterized by a 
higher degree of serpentinization and by the 
presence of iowaite compared to Site 1274A. 
The latter is characterized by the presence 
of talc and by higher calcite/brucite ratios. 
Recent studies consider the early evolution 
of the peridotites at the two drilling sites 
(1272A and 1274A) to be different (Seyler et 
al., 2007; Godard et al., 2008). Site 1272A 
has less abundant clinopyroxene than Site 
1274A and seems to reflect partial melting 
and melt extraction, while Site 1274A records 
in addition pervasive melt-rock interaction 
(Seyler et al., 2007; Godard et al., 2008).
Just south of Site 1272A, a hydrothermal 
field named Logatchev is localized. Found 
in the 90ies by a Russian expedition, the 
long-term fluid evolution is controlled each 
year by German expeditions. The Logatchev 
fluids display a chemical signal resulting from 
interaction with ultramafic rocks (Douville 
et al., 2002; Schmidt et al., 2007). Pillow 
basalts, gabbros (diabase) and serpentinites 
are present in the surroundings (e.g. Kuhn et 
al., 2004). 
1.4.2 Totalp – Malenco
The Eastern Central Alps contain parts 
of the Mesozoic-Alpine Tethys ocean (the 
Liguria-Piemonte segment). These ophiolite 
bodies belong to the Penninic nappes and 
can be traced along a ~60 km N-S section 
from Davos (CH) to the Valmalenco (I) 
region at the boundary with the overlying 
Austroalpine nappes (Fig. 1.7). Representing 
the southern part of the Alpine Tethys and 
the continental margin of the Adria (micro) 
continent, they are generally interpreted as 
an ocean-continent transition zone similar 
to the “active” Iberian margin (Desmurs et 
al., 2002; Manatschal and Müntener, 2008). 
During my study I focused on three ophiolite 
bodies which are from north to south: Totalp, 
Platta and Malenco (Fig. 1.7). Detailed 
petrographic studies on this transect showed 
that from north to south, alpine regional 
metamorphism increases from prehnite-
pumpellyite to amphibolte-facies conditions 
(Trommsdorff, 1983; Ulmer and Trommsdorff, 
1999). In the prehnite-pumpellyite facies, 
chrysotile/lizardite occurs with relictic olivine 
and orthopyroxene. Increasing metamorphic 
degree leads to increasing serpentinization 
of olivine and orthopyroxene to the south 
Fig. 1.6. Bathymetric map of the 15°20’-fracture 
zone, illustrating the ODP Leg 209 drillholes (from 
Kelemen et al., 2004).
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(Burkhard, 1987). Clinopyroxene on the 
contrary can be found throughout these 
ophiolite bodies (Burkhard, 1987). 
The Totalp massif (TO) consists of serpentine, 
pyroxenite (rare garnet-pyroxenite), diabase, 
ophicarbonates, and pelagic sediments 
(Peters, 1963). The Platta massif consists 
of basalts, gabbros, serpentinized mantle, 
sediments, and extensional allochthons of 
continental basement rocks, and their pre- 
and synrift sedimentary cover locally overlies 
the exhumed mantle rocks (Dietrich, 1970; 
Manatschal and Nievergelt, 1997). The 
Malenco ophiolite body (MAL) is composed 
of gabbros, dunites, spinel-peridotites, 
pyroxenites, rodingites (mafic dikes), and 
ophicarbonates (Trommsdorff et al., 2005 
and references therein). Further detailed 
maps and stratigraphic descriptions of the 
three ophiolite bodies can be found in Dietrich 
(1970), Montrasio et al. (2005), Peters (1963) 
and Trommsdorff et al. (2005). 
1.5 Thesis outline
The thesis is structured in six chapters, 
apart from the introduction (this chapter) and 
the conclusions (chapter VI), each chapter 
represent a published or potential paper. 
Contents of chapters II to V are summarized 
below: 
In the second chapter, whole rock and 
in-situ mineral analyses of major and light 
element contents of samples drilled from 
the MAR (ODP Leg 209) are presented. The 
data set shows nicely the enrichment of B 
and the Li depletion of peridotite through the 
formation of serpentine. This signal is also 
reflected in the whole rock analyses and leads 
to the calculation of the possible light element 
composition of the altered oceanic plate 
before subduction. This chapter has already 
been published (Geochimica et Cosmochimica 
Acta 2008, 72, p. 5475-5504).
In the third chapter I present the Li, B 
and Sr isotopic composition of the same 
samples (ODP Leg 209), combining the 
mineral and whole rock light element contents 
with the isotope ratios. The light element 
isotope data contain the highest (δ11B) 
and lowest (δ7Li) values measured so far in 
serpentinized peridotites. The reacting fluid 
during serpentinization could be identified as 
evolved seawater and we modelled the fluid/
rock evolution with increasing interaction. 
This chapter has been submitted to Earth and 
Planetary Science Letters.
The fourth chapter contains the results of an 
in-situ light element study on Totalp, Platta 
and Malenco ophiolites, which represents 
a transect of increasing metamorphic 
grade. The data from Malenco show that 
transformation of mantle to secondary phases 
(e.g. serpentinization) does not modify the 
initial Be contents. This means that Be is 
relatively immobile and, contrary to Li and 
B, is not very fluid-mobile. With increasing 
metamorphism the change from chrysotile to 
antigorite leads to a sharp change of Li and 
B element concentration related to antigorite 
formation. Serpentine polymorphs have 
therefore a different Li-, Be- and B-signal. 
This chapter will be submitted to Geochimica 
et Cosmochimica Acta.
The fifth chapter sums up the experiments 
conducted to test the potential loss of 
light elements during direct flux-free 
fusion at 1500-1800°C and for 30-240s. 
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Combining Iridium-strip heater direct 
fusion with SIMS measurements would allow 
contamination-free measurements of Li, Be 
and B concentrations in whole rock samples. 
Loss of the three elements occurred during 
the experiments. As Li and Be loss was within 
methodological error, these elements can be 
analyzed after fusion of samples with the strip 
heater. B, on the other side, shows highly 
volatile behaviour and is almost completely 
lost at 1800°C. This chapter will be submitted 
to Geochemical Standards Newsletter. 
The appendix contains several data not 
discussed in one of the chapters, which have 
been collected during this thesis. Li, Be and 
B-data from Vourinos ophiolite and the Cima 
di Gagnone peridotite are reported, as well as 
in-situ δ11B data of two ODP Leg 209 samples 
measured by ion probe. These data are 
included in the final summary (Chapter VI).
1.6 Authorship 
Laure Pelletier and I worked in the joint SNF 
project “The oceanic mantle as an important 
repository for the light elements Li, Be and 
B”. We studied the light element contents 
of oceanic mantle in various settings, with 
the intention to create a large database on 
oceanic mantle, from the modern ocean to 
ophiolites. Laure Pelletier focussed more on 
non-metamorphic ophiolites (Greece) while I 
concentrated on samples from the MAR and 
from metamorphic ophiolites of the Alps. In 
order to make the study more efficient, we 
split up much of the analytical work. Laure 
Pelletier used mainly techniques for in-situ 
mineral analysis (EMPA, SIMS, micro-Raman, 
LA-ICP MS) and XRF for whole-rock analysis. 
Besides EMPA and SIMS, I used mainly TIMS 
and MC ICP MS for isotope analysis. Through 
this partitioning of tasks, each of us has 
made considerable contributions to the thesis 
of the other. Therefore, Table 1.1 details the 
contributions of all persons involved in the 
project to the chapters of this thesis (see also 
Table 1.1 in thesis of Laure Pelletier; 2008). 
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ABSTRACT
Despite the key importance of altered oceanic mantle as a repository and carrier of light 
elements (B, Li, and Be) to depth, its inventory of these elements has hardly been explored 
and quantified. In order to constrain the systematics and budget of these elements we have 
studied samples of highly serpentinized (>50%) spinel harzburgite drilled at the mid-Atlantic 
ridge (Fifteen–Twenty Fracture zone, ODP Leg 209, Sites 1272A and 1274A). In-situ analysis 
by secondary ion mass spectrometry reveals that the B, Li and Be contents of mantle minerals 
(olivine, orthopyroxene, and clinopyroxene) remain unchanged during serpentinization. B and 
Li abundances largely correspond to those of unaltered mantle minerals whereas Be is close 
to the detection limit. The Li contents of clinopyroxene are slightly higher (0.44–2.8 µg/g) 
compared to unaltered mantle clinopyroxene, and olivine and clinopyroxene show an inverse 
Li partitioning compared to literature data. These findings along with textural observations 
and major element composition obtained from microprobe analysis suggest reaction of the 
peridotites with a mafic silicate melt before serpentinization. Serpentine minerals are enriched 
in B (most values between 10 and 100 µg/g), depleted in Li (most values below 1 µg/g) 
compared to the primary phases, with considerable variation within and between samples. Be 
is at the detection limit. Analysis of whole rock samples by prompt gamma activation shows 
that serpentinization tends to increase B (10.4–65.0 µg/g), H2O and Cl contents and to lower 
Li contents (0.07–3.37 µg/g) of peridotites, implying that - contrary to alteration of oceanic 
crust - B is fractionated from Li and that the B and Li inventory should depend essentially on 
rock–water ratios. Based on our results and on literature data, we calculate the inventory of 
B and Li contained in the oceanic lithosphere, and its partitioning between crust and mantle 
as a function of plate characteristics. We model four cases, an ODP Leg 209-type lithosphere 
with almost no igneous crust, and a Semail-type lithosphere with a thick igneous crust, both 
at 1 and 75 Ma, respectively. The results show that the Li contents of the oceanic lithosphere 
are highly variable (17–307 kg in a column of 1 m   1 m   thickness of the lithosphere (kg/
col)). They are controlled by the primary mantle phases and by altered crust, whereas the B 
contents (25–904 kg/col) depend entirely on serpentinization. In all cases, large quantities 
of B reside in the uppermost part of the plate and could hence be easily liberated during 
slab dehydration. The most prominent input of Li into subduction zones is to be expected 
from Semail-type lithosphere because most of the Li is stored at shallow levels in the plate. 
Subducting an ODP Leg 209-type lithosphere would mean only very little Li contribution 
from the slab. Serpentinized mantle thus plays an important role in B recycling in subduction 
zones, but it is of lesser importance for Li.
Chapter II
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The lithium, boron and beryllium content 
of serpentinized peridotites from ODP Leg 209 
(Sites 1272A and 1274A): Implications for 
lithium and boron budgets 
of oceanic lithosphere
28
LiBeB - ODP Leg 209
2.1. Introduction
At mid-ocean ridges, plates spread and 
new oceanic lithosphere is produced. At 
slow spreading-ridges, the magmatic section 
is often reduced and the oceanic mantle is 
exhumed at the ocean floor (e.g. Cannat, 
1993; Michael et al., 2003; Escartin et al., 
2003). The two currently debated models to 
explain mantle exhumation in slow-spreading 
environments invoke either spreading, and 
focused magmatism at the center of a ridge 
segment (Cannat, 1993; Ghose et al., 1996 and 
Dijkstra et al., 2001) or detachment faulting 
(Tucholke et al., 1998; Escartin et al., 2003; 
Boschi et al., 2006; Ildefonse et al., 2007). 
In both cases, hydrothermal fluids transform 
olivine, orthopyroxene and clinopyroxene 
into serpentine, chlorite, tremolite, brucite or 
magnetite (e.g. Bach et al., 2004), depending 
on temperature and pressure conditions (e.g. 
Ulmer and Trommsdorff, 1995).
In the last years, the systematics of the light 
elements Li, B, and Be have been used to 
chemically trace low-temperature alteration 
processes in different geological environments 
(e.g. James and Palmer, 2000; Chan et 
al., 2002; Pistiner and Henderson, 2003; 
Rudnick et al., 2004; Kisakürek et al., 2004). 
Studies on fresh mid-ocean ridge basalts 
(MORB; Ryan and Langmuir, 1987; Ryan and 
Langmuir, 1993) and on altered MORB (e.g. 
Thompson and Melson, 1970; Bouman et al., 
2004; Elliott et al., 2006) showed that during 
alteration Li and B may be enriched by a 
factor of 2 and 30, respectively.
A similar reasoning can be applied to the 
underlying mantle lithosphere. Estimates of 
the light element content of the primitive 
mantle (McDonough and Sun, 1995; 
Lyubetskaya and Korenaga, 2007) and of the 
depleted mantle (Salters and Stracke, 2004) 
imply very low light element abundances in 
whole rock samples and major mantle phases 
(around 1 µg/g for Li and B). These whole 
rock data are consistent with C1 chondrite 
concentrations (Anders and Grevesse, 
1989; Lyubetskaya and Korenaga, 2007). In 
contrast, elevated Li (up to 13.7 µg/g, Decitre 
et al., 2002; Niu, 2004) and high B whole rock 
contents (up to 85 µg/g, Bonatti et al., 1984; 
Spivack and Edmond, 1987) were found in 
dredged abyssal peridotites. High Li (<19.5 
µg/g, Decitre et al., 2002) and B abundances 
(47 µg/g, Scambelluri et al., 2004) were 
found in serpentine minerals.
In addition, high but variable whole rock 
B (0.4–79.0 µg/g; Benton et al., 2001; 
Savov et al., 2005; Wei et al., 2005) and Li 
concentrations (0.5–18.9 µg/g; Parkinson 
and Pearce, 1998; Benton et al., 2004; Savov 
et al., 2005; Zanetti et al., 2006; Savov et 
al., 2007) were measured in serpentinized 
peridotites from forearc settings.
Beryllium (Be) data are scarce, and 
concentrations are extremely low in primitive 
mantle (0.054 µg/g or 0.068 µg/g; McDonough 
and Sun, 1995; Lyubetskaya and Korenaga, 
2007) and in depleted mantle (0.025 µg/g; 
Salters and Stracke, 2004), highly variable 
in dredged abyssal peridotites (0.001–0.212 
µg/g, Niu, 2004), and elevated in forearc 
peridotites (0.07–0.16 µg/g, Zanetti et al., 
2006).
Experimentally determined mineral/melt 
and mineral/fluid partition coefficients are in 
line with these observations and show that B, 
Li and Be are incompatible in mantle minerals 
(e.g. Brenan et al., 1998; Taura et al., 1998). 
However, there are only a few experiments 
concerning the light element contents of 
hydrothermally precipitated minerals. Seyfried 
and Dibble (1980) performed seawater–
peridotites experiments at 300°C and 500 
bar. During the experiment, the B content in 
the solution (pH <5) remained constant, but 
during quenching the B content decreased 
from 4.01 to 1.75 µg/g. It was proposed that 
B is incorporated into serpentinized peridotite 
at low temperatures (<300°C).Bonatti et al. 
(1984) suggested that the maximum B uptake 
in peridotite is related to temperature and to 
the serpentine polymorph, and measured a 
maximum value of 110 µg/g B in serpentine 
minerals (orthochrysotile, clinochrysotile and 
lizardite). Reversing the alteration process 
by heating up altered basalt to 350°C at 500 
bar showed that Li and B are incorporated 
in low-temperature alteration phases and are 
liberated into the fluid phase upon heating 
(Seyfried et al., 1998).
The light element content of the oceanic 
mantle is important in the context of 
recycling of these elements in subduction 
zones. Previous studies have shown that the 
magmatic and sedimentary oceanic crust 
can be a major host for Li and B. Oceanic 
sediments are enriched in B (up to 100.2 µg/g, 
Leeman et al., 2004) and Li (up to 74.3 µg/g, 
Bouman et al., 2004; Leeman et al., 2004). 
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Even after metamorphism at high pressure 
and moderate temperature (400°C) in a 
subduction zone, they retain up to 66.7 µg/g 
Li, 2.32 µg/g Be, and 93.9 µg/g B (Marschall 
et al., 2006). Altered oceanic basalt may 
contain up to 36.5 µg/g Li (Bouman et al., 
2004). Subducted oceanic crust, nowadays 
eclogites, was found to contain up to 37.4 
µg/g Li (Zack et al., 2002; Marschall et al., 
2006), and up to 4.77 µg/g B (Marschall 
et al., 2006). However, the crustal section 
of a subducting oceanic lithosphere is thin 
compared to the mantle part and magmatic 
crust can be largely absent in lithosphere 
produced at slow-spreading ridges. Therefore, 
serpentinized mantle should play a key role 
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Fig. 2.1. (A) Isochrone map illustrating the age of the Atlantic ocean (modified after Scotese et al., 
1988) and displaying ODP Leg 209 on the mid-Atlantic ridge (MAR). (B) Details of drill sites of the 
Northern and the Southern areas of ODP Leg 209. (C and D) Bathymetric map (after Lagabrielle et al., 
1998) showing the location of ODP Sites 1272A and 1274A (stars; modified after Paulick et al., 2006). 
The Logachev active hydrothermal field is also shown (triangle).
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2.2. Geological setting
ODP Leg 209 was drilled at the MAR, 
north and south of the Fifteen–Twenty 
Fracture zone (Fig. 2.1, Kelemen et al., 
2004a; Paulick et al., 2006; Kelemen et 
al., 2007). A full spreading rate of 25 mm/
year was determined (Fujiwara et al., 2003), 
corresponding to a slow-spreading ridge. The 
half-spreading rates (E and W) show little 
long-term asymmetry. This inspired Fujiwara 
et al. (2003) and later Escartin et al. (2003) to 
propose a model of shallow detachment faults 
to explain the geomorphologic and geologic 
situation around the Fifteen–Twenty Fracture 
zone. The major difference with respect to 
previously proposed models (amagmatic 
extension or melt-assisted extension; e.g. 
Tucholke et al., 1998; Dick et al., 2003) is the 
rooting of detachment faults in the shallow 
lithosphere, probably coinciding with the 
rheological boundary between the alteration 
(serpentinization) front and the unaltered 
lithosphere. Mostly ultrabasic rocks crop 
out in this area, covered by a thin sediment 
layer (Kelemen et al., 2004a; Kelemen et al., 
2007). The mineralogical composition and 
evolution of the peridotites at the two drilling 
sites (1272A and 1274A) is considered to 
be different (Seyler et al., 2007; Godard et 
al., 2008). Site 1272A has less abundant 
clinopyroxene than Site 1274A and seems to 
reflect partial melting and melt extraction, 
while Site 1274A records in addition pervasive 
melt–rock interaction (Seyler et al., 2007; 
Godard et al., 2008).
35 miles south of the Fifteen–Twenty 
Fracture zone (44 580N 14 450W, Sudarikov 
and Roumiantsev, 2000), the Logatchev 
hydrothermal field is located on the rift flank. 
It was discovered during several Russian 
expeditions in the 90s. It is situated within 
steeply faulted blocks of ultramafic rocks, 
which experienced variable degrees of 
serpentinization (Sharapov and Simonov, 
1991). Basalts and gabbros are commonly 
exposed around the vent sites (Escartin and 
Cannat, 1999; Kuhn et al., 2004; Schmidt 
et al., 2007). Recent expeditions studied 
the hydrothermal fluids in more detail. The 
latter contain 1.75 µg/g Li and 3.63 µg/g B 
at a temperature of 353°C and a pH of 3.3 
(Douville et al., 2002; Schmidt et al., 2007).
in light element recycling. Experiments on 
serpentinite breakdown (simulation of a 
subducting plate) by Tenthorey and Hermann 
(2004) suggest that serpentinized mantle 
should be the major sink of B in subduction 
zones. The extreme enrichment in B of the 
Mariana forearc mantle wedge supports this 
theory (Savov et al., 2007).
In this study, we investigated serpentinized 
oceanic peridotites drilled from near the mid-
Atlantic ridge (MAR, ODP Leg 209, Sites 1272A 
and 1274A). We analyzed minerals and whole 
rock samples for major elements, Li, Be and 
B contents. Our aims were to identify the host 
minerals of the light elements, to understand 
light element systematics, to establish a 
mass balance and to discuss the calculations 
in the framework of light element recycling at 
subduction zones.
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Fig. 2.2. Core description and sample location for 
ODP Leg 209, modified after Bach et al. (2004). 
(A) Harzburgite, (B) dunite, (C) gabbro, (D) 
magmatic dikelets, (E) basalt and diabase, (F) 
fracture zone. Numbers correspond to sample 
numbers (e.g. 26= OD 26).
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2.3. Site and sample character-
istics
2.3.1. Site 1272A
Site 1272A was drilled at a water depth of 
2560 m at the ridge (Fig. 2.1). The drilled 
material consists of ~55 m diabase in the upper 
part, and 75 m of harzburgite containing rare 
dunite in the lower part (Fig. 2.2; Kelemen 
et al., 2004a). The major mineral phase in 
the mantle rocks is lizardite, and a downhole 
decrease in serpentinization can be observed 
(Kelemen et al., 2004a). Modal mineralogy 
and petrographic features of the analyzed 
spinel harzburgites are summarized in Table 
1 and Fig. 2.2.
The studied samples were collected from 
the lower part of the drill core, at depths 
between 61.75 and 129.42 m.b.s.f. (meters 
below sea floor) and are serpentinized spinel 
harzburgites (Fig. 2.2). Macroscopically, the 
samples have a dark green to whitish green 
color. Some white veins can be observed and 
a dark vein occurs in sample OD 11. In most 
samples, porphyroclastic orthopyroxene 
forms large (<1 cm) grains, which are 
surrounded by dark green serpentine. They 
are distributed irregularly in a homogeneous 
matrix of serpentine minerals.
The degree of serpentinization ranges from 
70% to 99% and tends to decrease with 
increasing depth. Apart from serpentine 
minerals and orthopyroxene, the samples 
may contain variable proportions of olivine, 
clinopyroxene, spinel and magnetite (Table 
1). Olivine, pyroxenes and spinel are ‘primary’ 
minerals related to mantle processes, while 
serpentine and magnetite are of secondary 
origin, related to serpentinization. Olivine 
forms isolated, large fragments within 
serpentine (Fig. 2.3.C). Orthopyroxene 
grains may show exsolution lamellae of 
clinopyroxene (Fig. 2.3.B). Clinopyroxene 
occurs as interstitial phase at orthopyroxene 
grain boundaries (Fig. 2.3.A). Magnetite 
forms euhedral grains and symplectites with 
spinel (Fig. 2.3.D).
The terminology of Wicks and Whittaker 
(1977) is used to describe the serpentine 
textures of the studied samples. We observe 
pseudomorphic textures after olivine and 
orthopyroxene, vein textures, as well as 
non-pseudomorphic textures. Bastite after 
orthopyroxene (in the following termed 
bastite; Fig. 2.3.A) is the most common 
type of pseudomorphic serpentine texture 
in the studies rocks. Often, pseudomorphs 
of clinopyroxene exsolution lamellae are 
preserved within bastite, as described by Viti 
et al. (2005). Serpentine pseudomorphing 
olivine in mesh and hourglass textures 
(O’Hanley, 1996) is also abundant (Fig. 2.3.C). 
The inner parts of mesh rims are often reddish 
brown to black. In bastite, the reddish-brown 
colors are attributed to the presence of brucite 
(Wicks and Whittaker, 1977). All samples 
3.2. Site 1274A
The drill hole is located on the western ﬂank of a sea-
mount at a water depth of 3940 m, in a weathered area
north of the Fifteen–Twenty fracture zone (Fig. 1). Beneath
2 m of sediment, a total of 155.8 m of mantle rocks was
drilled (Fig. 2). The site was divided into 3 units (Kelemen
et al., 2004a). Unit I (top) and III (bottom) are serpenti-
nized harzburgites, whereas unit II (middle) is interpreted
as a 50-m fault gouge (mostly peridotite clasts within a
mud matrix, ll brecciated; Kelemen et al., 2004a).
The studied samples are from unit I, except OD 52 (unit
III). They are all serpentinized spinel harzburgites. In unit I,
serpentinization increases from the top to the base (Table 1).
Macroscopically, the samples are all dark green with orth-
opyroxene blasts of up to 1 cm size. Rarely, whitish veins
can be found. Sample OD 34 and OD 42 are crosscut y
a large serpentine vein (up to 0.4 cm wide). The brownish
color of some veins under the optical microscope could be
related to brucite (Wicks and Whittaker, 1977).
The primary phases are olivine, orthopyroxene and
clinopyroxene, all with the same textural characteristics as
at Site 1272A. In addition, on large grai of primary clino-
pyroxene with exsolution lamellae of (serpentinized) ortho-
pyroxene is preserved (sample OD 32, Fig. 3b). Also,
sample OD 42 contains a cluster of small olivine grains
(Fig. 3f) associated with chlorite and phlogopite. This
assemblage most likely represents a micro-gabbroic pocket
and is probably related to the magmatic vein crosscutting
the drillcore between 31.95 and 32.45 m.b.s.f. (Kelemen
et al., 2004b, core description). Such small gabbroic pockets
were also identiﬁed in the MARK area (Niida, 1997). In the
following, this olivine will be termed ‘magmatic’. Spinel
forms symplectit s with clinopyroxene (Fi . 3d), growing
into orthopyroxene. This process preferably starts at
boundaries between orthopyroxene grains and between
orthopyroxene and olivine.
Serpentine mineral textures and vein types correspond to
those described for Site 1272A. Magnetite is more abun-
dant in the picrolite veins than within mesh structures. In
bastite, relicts of orthopyroxene show serrate boundaries
indicating ongoing serpentinization (Wicks and Whittaker,
1977). In OD 48 and OD 49, magnetite forms thick ribbons
(Fig. 3f), crosscutting through the entire thin section. They
are interpreted as ancient picrolite veins. Sample OD 34
contains Ni-bearing sulﬁdes. Rare iowaite (Mg4(OH)8FeO-
Cl2 � nH2O [n = 1–4]) could be identiﬁed in sample OD 34,
but was too small to be quantitatively analyzed.
The size of mineral grains in both sites is 50–500 lm for
olivine, 50–1000 lm for orthopyroxene and 30–80 lm for
clinopyroxene. Serpentine mineral grain size is much lower
than the resolution of SEM, except for chrysotile veins
(Fig. 3e), where asbestos ﬁbers are visible at SEM scale. They
probably form late-stage fracture ﬁlling (Prichard, 1979).
4. ANALYTICAL TECHNIQUES
The major element compositions of olivine, clinopyroxene,
orthopyroxene, spinel, magnetite and serpentine minerals were
determined by electron microprobe analysis (EPMA) using a JEOL
JXA-8200 (University of Bern, and ETH Zu¨rich, Switzerland), a
Cameca SX-51 (University of Heidelberg, Germany) and a SX-100
(University of Freiburg, Germany), all equipped with wavelength-
dispersive systems. An accelerating potential of 15 kV, a beam
current of 20 nA and counting times of 30 s for Si, Al, Mg and Na
and 20 s for the other elements were used. Minerals and synthetic
glasses were used as standards. Samples were analyzed with a spot
Table 1
ODP sample names and modes
Working no. Sample depth [m.b.s.f.] ODP sample no. Modes (%) Modes serp min. (%)
Cpx Opx Ol Spl Serp Ba Pi Cy Aom
Leg 1272A
OD 2 61.75 209-1272A-13R-1, 103.5-106.5 0 0 3 3 94 30 – 2 62
OD 6 76.53 209-1272A-16R-2, 6-8 0 0 1 2 97 40 7 3 47
OD 7 80.18 209-1272A-17R-1, 57-60 0 0 0 4 96 40 3 1 52
OD 11 89.92 209-1272A-19R-1, 60-64 0 0 0 1 99 55 4 2 38
OD 15 99.85 209-1272A-21R-1, 102-108 0 0 0 3 97 30 2 2 63
OD 18 110.19 209-1272A-23R-2, 22-25 0 0 0 1 99 39 2 2 56
OD 22 120.05 209-1272A-25R-2, 67-71 0 0 0 2 98 32 1 2 63
OD 26 125.08 209-1272A-26R-2, 66-72 0 18 10 2 70 40 – 5 25
OD 28 127.30 209-1272A-27R-1, 28-31.5 1 15 10 1 73 25 2 4 42
OD 29 129.42 209-1272A-27R-2, 90-95 0.5 10 18 1.5 70 30 2 1 37
Leg 1274A
OD 32 0.89 209-1274A-1R-1, 88-92 3 27 13 5 52 35 – 2 15
OD 34 17.27 209-1274A-3R-1, 35-38 1 23 15 2 59 25 – 4 30
OD 38 27.54 209-1274A-5R-1, 123-125 1 25 14 2 58 30 – 3 25
OD 42 32.14 209-1274A-6R-2, 68-70 1 10 15 2 72 20 17 5 30
OD 48 69.79 209-1274A-14R-1, 76-82 1 30 15 3 51 25 – 3 23
OD 49 94.11 209-1274A-18R-1, 80-83 0 0 0 3 97 20 – 10 67
OD 52 146.69 209-1274A-27R-1, 56-61 1 15 15 5 64 26 – 3 35
Cpx, clinopyroxene; opx, orthopyroxene; ol, olivine; spl, spinel; serp, serpentine; ba, bastite; pi, picrolite; cy, chrysotile; and aom, after ol and
matrix.
The Lithium, Boron and Beryllium content of serpentinized peridotites from ODP Leg 209 (Sites 1272A and 1274A): Implications for lithium
and boron budgets of oceanic lithosphere 5479
32
LiBeB - ODP Leg 209
Fig. 2.3. Backscattered images of the different mineral phases from the ODP Sites 1272A (A, C, and 
D) and 1274A (B, D, and F); scale bars on the image. (A) Primary orthopyroxene (opx) with interstitial 
clinopyroxene (cpx) and bastite after opx (sample OD 29). (B) Primary clinopyroxene with exsolution 
lamellae of opx, now serpentinized (sample OD 32). (C) Relicts of primary olivine surrounded by 
serpentine in mesh textures. Magnetite (mgt) can be found in small picolite veins (sample OD 29). (D) 
Spinel (spl) with clinopyroxene (cpx) overgrowing orthopyroxene (sample OD 32). (E) Chrysotile vein 
(cy) in a completely serpentinized harzburgite (sample OD 2). (F) Cluster of magmatic olivine (ol II) 
in a serpentine matrix (sample OD 42).
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display picrolite vein textures (lizardite 
according to Bach et al., 2004) and chrysotile 
asbestos cross-fiber veins (Fig. 2.3.E, F). 
While chrysotile veins crosscut bastites and 
are distributed randomly within the samples, 
lizardite picrolites are preferably found along 
mineral boundaries and natural weak zones 
(e.g. OD 28). Iowaite, as described by Bach et 
al. (2004), and brucite could not be identified 
directly using SEM or EMP. We found some 
magnetite strings (Fig. 2.3.E) in samples OD 
2, OD 22 and OD 29.
2.3.2. Site 1274A
The drill hole is located on the western flank 
of a seamount at a water depth of 3940 m, in 
a weathered area north of the Fifteen–Twenty 
fracture zone (Fig. 2.1). Beneath 2 m of 
sediment, a total of 155.8 m of mantle rocks 
was drilled (Fig. 2.2). The site was divided 
into 3 units (Kelemen et al., 2004a). Unit 
I (top) and III (bottom) are serpentinized 
harzburgites, whereas unit II (middle) is 
interpreted as a 50-m fault gouge (mostly 
peridotite clasts within a mud matrix, all 
brecciated; Kelemen et al., 2004a). 
The studied samples are from unit I, except 
OD 52 (unit III). They are all serpentinized 
spinel harzburgites. In unit I, serpentinization 
increases from the top to the base (Table 1). 
Macroscopically, the samples are all dark 
green with orthopyroxene blasts of up to 1 
cm size. Rarely, whitish veins can be found. 
Samples OD 34 and OD 42 are crosscut by 
a large serpentine vein (up to 0.4 cm wide). 
The brownish color of some veins under the 
optical microscope could be related to brucite 
(Wicks and Whittaker, 1977). 
The primary phases are olivine, ortho-
pyroxene and clinopyroxene, all with the 
same textural characteristics as at Site 
1272A. In addition, one large grain of primary 
clinopyroxene with exsolution lamellae of 
(serpentinized) orthopyroxene is preserved 
(sample OD 32, Fig. 2.3.B). Also, sample 
OD 42 contains a cluster of small olivine 
grains (Fig. 2.3.F) associated with chlorite 
and phlogopite. This assemblage most likely 
represents a micro-gabbroic pocket and 
is probably related to the magmatic vein 
crosscutting the drillcore between 31.95 and 
32.45 m.b.s.f. (Kelemen et al., 2004b, core 
description). Such small gabbroic pockets 
were also identified in the MARK area (Niida, 
1997). In the following, this olivine will be 
termed ‘magmatic’. Spinel forms symplectites 
with clinopyroxene (Fig. 2.3.D), growing into 
orthopyroxene. This process preferably starts 
at boundaries between orthopyroxene grains 
and between orthopyroxene and olivine.
Serpentine mineral textures and vein 
types correspond to those described for Site 
1272A. Magnetite is more abundant in the 
picrolite veins than within mesh structures. 
In bastite, relicts of orthopyroxene show 
serrate boundaries indicating ongoing 
serpentinization (Wicks and Whittaker, 1977). 
In OD 48 and OD 49, magnetite forms thick 
ribbons (Fig. 2.3.F), crosscutting through 
the entire thin section. They are interpreted 
as ancient picrolite veins. Sample OD 34 
contains Ni-bearing sulfides. Rare iowaite 
(Mg4(OH)8FeOCl2·nH2O [n= 1–4]) could be 
identified in sample OD 34, but was too small 
to be quantitatively analyzed.
The size of mineral grains in both sites 
is 50–500 µm for olivine, 50–1000 µm 
for orthopyroxene and 30–80 µm for 
clinopyroxene. Serpentine mineral grain size 
is much lower than the resolution of SEM, 
except for chrysotile veins (Fig. 2.3.E), where 
asbestos fibers are visible at SEM scale. 
They probably form late-stage fracture filling 
(Prichard, 1979).
2.4. Analytical techniques
The major element compositions of olivine, 
clinopyroxene, orthopyroxene, spinel, 
magnetite and serpentine minerals were 
determined by electron microprobe analysis 
(EPMA) using a JEOL JXA-8200 (University of 
Bern, and ETH Zürich, Switzerland), a Cameca 
SX-51 (University of Heidelberg, Germany) and 
a SX-100 (University of Freiburg, Germany), 
all equipped with wavelengthdispersive 
systems. An accelerating potential of 15 kV, 
a beam current of 20 nA and counting times 
of 30s for Si, Al, Mg and Na and 20s for the 
other elements were used. Minerals and 
synthetic glasses were used as standards. 
Samples were analyzed with a spot size of 
approximately 1 µm. For serpentine minerals, 
analyses with a 1 µm and a 15 µm spot size 
provided identical results within the analytical 
error of the microprobe (Table 2). Therefore, 
a 1 µm spot size was chosen to obtain a better 
spatial resolution.
Li, B and Be were analyzed in-situ on 
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handling is always problematic, particularly 
for B (Shaw et al., 1988). Careful sample 
preparation is thus a necessary prerequisite 
for accurate analyses. The standard protocol 
established by Marschall and Ludwig (2004) 
was used to prepare the thin sections for 
this study at the Mineralogical Institute of 
Heidelberg. Carbon-coated samples were 
used for BSE investigation (textures) and 
electron microprobe analyses (major element 
composition of minerals; see further on). 
At the beginning of each SIMS analysis, a 
presputtering of  400s was applied to eliminate 
the potential rest of surface contamination. 
Additionally, the imaged field was set smaller 
than the primary beam diameter (applying 
field aperture #2, d= 750 µm) to suppress 
contaminating secondary ions from the crater 
edges (Benninghoven et al., 1987). Following 
the procedure described by Marschall and 
Ludwig (2004), the B contamination level 
is <2 ng/g. Li contamination is typically 
~50 times less than for B, and Be does not 
show any sign of contamination. The area 
analyzed by SIMS has a diameter of ~12 
µm (determined by the field aperture and 
the nominal imaged field), but all serpentine 
minerals have smaller grain size (<0.5 µm; 
Fig. 2.3). This means that one SIMS analysis 
corresponds to several grains of serpentine 
and in some cases to mixtures of serpentine 
and other minerals such as magnetite, 
brucite or small fluid inclusions. However, the 
fraction of non-serpentine minerals included 
polished thin sections by Secondary Ion Mass 
Spectrometry (SIMS) using a modified Cameca 
IMS 3f ion microprobe at the Mineralogical 
Institute of Heidelberg, Germany. A 14.5 
keV/20 nA 16O  primary beam with  30 µm 
diameter and acceleration to a nominal 
energy of 4.5 keV for the positive secondary 
ions was used. Secondary 7Li, 9Be, 11B and 
30Si ions were collected applying the energy 
filtering method using an offset of 75 eV at a 
mass resolution of  1030 (m/Dm, 10%) and 
a nominal imaged field of 25 mm. Secondary 
ion intensities were normalized to the count 
rates of 30Si and calibrated against the NIST 
SRM610 glass reference material using the 
concentrations (preferred averages) reported 
in Pearce et al. (1997); the accuracy is 
estimated to be <20% for Li and <10% for 
Be and B (Ottolini et al., 1993). Li, B and Be 
concentrations were quantified using the SiO2 
values of the corresponding EPMA analysis. 
One single analysis comprised 10 cycles for 
each isotope with integration times of 8s/
cycle for Li, 16s/cycle for Be and B, and 2s/
cycle for Si. The mass spectrometer’s and 
the counting system’s background of 0.02 
ions/s where determined independently 
(‘well known background’). The setup chosen 
and the background lead to a detection limit 
(critical value) of 1.4 ng/g (Li), 1.0 ng/g (Be) 
and 2.6 ng/g (B) (Currie, 1968; Marschall 
and Ludwig, 2004).
Due to the generally low concentration 
levels of Li, Be and B in mantle rocks, 
contamination during sample preparation and 
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a presputtering of �400 s was applied to eliminate the potential
rest of surface contamination. Additionally, the imaged ﬁeld was
set smaller than the primary beam diameter (applying ﬁeld
aperture #2, d = 750 lm) to suppress contaminating secondary
ions from the crater edges (Benninghoven et al., 1987). Following
the procedure described by Ma schall and Ludwig (2004), the B
contamination level is <2 ng g�1. Li contamination is typically
�50 times less than for B, and Be does not show any sign of
contamination.
The area analyzed by SIMS has a diameter of �12 lm (deter-
mined by the ﬁeld aperture and the nominal imaged ﬁeld), but all
serpentine minerals have smaller grain size (<0.5 lm; Fig. 3). This
means that one SIMS analysis corresponds to several grains of
serpentine and in some cases to mixtures of serpentine and other
minerals such as magnetite, brucite or small ﬂuid inclusions.
However, the fraction of non-serpentine minerals included in a
SIMS analysis was small as can be depicted from the major element
composition (Table 3).
Whole rock concentrations of major elements and their oxides
and some trace elements (H, B, and Cl) of 14 samples were deter-
mined using the prompt gamma activation analysis (PGAA)
facility at the Budapest Research Reactor (Hungary). PGAA is
especially useful for analyzing whole rock boron, chlorine and
hydrogen concentrations. In contrast to other geoanalytical
methods, sample preparation procedures are not needed, and hence
contamination problems are eliminated (Anderson and Kas-
ztovszky, 2004). Accuracy of trace element analyses by PGAA was
checked by measurements of geological reference materials (Gme´-
ling et al., 2005) and of natural samples (Marschall et al., 2005).
The spectra were evaluated with Hypermet-PC software; the ele-
m nt identiﬁcation was performed using a prompt-gamma library
(Re´vay et al., 2001). The H2O content of the sample is determined
by stoichiometry.
Each sample (0.3–4.5 g) was hot-sealed in a ﬂuorinated ethylene
propylene (FEP) ﬁlm (about 20 � 30 mm), which produces a eg-
ligible background. The analytical setup was described by Molnar
(2004). All of the samples were thinner than 5 mm; thus the self-
absorption of neutrons and c-photons was negligible. The mea-
surement time for each individual sample varied between 4500 and
10,000 s (OD 26: 55,000 s).
5. RESULTS
5.1. Major and light element contents of minerals
Concentrations of major and light elements are given in
Tables 3 and 4, respectively. Primary olivine is homoge-
neous with an average Mg# of 0.91 (Mg# = 100 �Mg/
[Mg + Fetot], all iron assumed as divalent), and NiO con-
tents of �0.4 wt% (Fig. 4). Magmatic olivine in sample
OD 42 (Fig. 3f) has a Mg# of 0.80 and NiO contents of
0.1–0.2 wt%. Average light element contents of primary
olivine are 1.04 lg g�1 for Li, 0.022 lg g�1 for B, and below
the critical value f r Be. They are higher in magmatic oliv-
ine of sample OD 42 (Li 8.29 lg g�1, B 0.54 lg g�1 and Be
9.8 ng g�1). There is no core-to-rim variation in major and
light elements for primary olivine; magmatic olivine is too
small to detect zoning.
5.1.1. Pyroxenes
Orthopyroxen is homogeneous and not zoned, with an
average Mg# of 0.91 (Table 3c). The Al2O3 and Cr2O3
contents are quite variable (1.4–2.3 wt% Al2O3 and 0.1–
1.1 wt% Cr2O3) and positively correlated (Fig. 5a), with
the exception of sample OD 52. Average light element
contents of orthopyroxene are 0.7 lg g�1 Li, 0.011 lg g�1
B and below the critical value for Be. There is no core-
to-rim variation in major and light elements for orthopy-
roxene (proﬁle in Table 4, OD22C3opp1–1 to 1–6, rim to
core).
Primary clinopyroxene in sample OD 32 is zoned. The
rim is enriched in Mg and Si, depleted in Al and Cr com-
pared to the core (Fig. 6). The rim composition of the pri-
mary clinopyroxene is similar to the composition of
interstitial clinopyroxene (Fig. 6). The light element con-
tents show no diﬀerence between rim and core. The average
values are 1.5 lg g�1 for Li, 0.07 lg g�1 for B, and below
critical value for Be. Interstitial clinopy oxene ha Mg# be-
tween 0.91 and 0.95, CaO is 20–25 wt%, Na2O 6 0.2 wt%
and TiO2 6 0.2 wt%. Interstitial clinopyroxene has average
light element contents of 2.05 lg g�1 Li, 0.89 lg g�1 B and
8.6 ng g�1 Be, higher than those of primary clinopyroxene.
5.1.2. Serpentine minerals
There is no systematic diﬀerence in the major and light
element composition of serpentine minerals from diﬀerent
textures (see section ’Site and sample characteristics’). Ser-
pentine minerals have SiO2 between 39.1 and 42.0 wt%
and an average FeO content of 4.3 wt%. NiO is below
0.44 wt%. Cr2O3 is below 0.81 wt%. Analyses within ser-
pentine matrix give lower oxide totals than analyses of
other serpentine textures, but calculated cations normalized
to nine oxygens are conform with serpentine stoichiometry.
The light element content of the serpentine minerals is
highly variable, ranging from 0.002 to 9.37 lg g�1 Li, and
from 0.09 to 138 lg g�1 B. The results of micro-Raman
analyses performed on some of the spots analyzed for light
element concentrations by SIMS showed that in cases
where Li concentrations exceed 1 lg g�1, serpentine (lizar-
dite) is mixed with orthopyroxene (Pelletier, 2008). The
average light element abundances in serpentine of our
Table 2
Results of electron microprobe analysis of serpentine with diﬀerent
spot size, all Fe considered as Fe2+
OD32 sela selb se9a se9b
SiO2 40.51 41.49 39.26 39.37
TiO2 0.02 0.00 0.00 0.00
Cr2O3 0.95 0.94 1.45 1.39
Al2O3 2.79 2.58 0.03 0.00
FeO 4.47 4.72 6.78 6.68
MnO 0.07 0.12 0.18 0.12
MgO 36.72 37.10 36.37 36.47
CaO 0.10 0.13 0.17 0.14
Na2O 0.04 0.04 0.04 0.02
K2O 0.02 0.02 0.01 0.00
H2O 12.45 12.66 12.07 12.07
Cl 0.17 0.15 0.16 0.17
Total 98.30 99.96 96.51 96.44
F,Cl@O 0.04 0.03 0.04 0.04
Total 98.26 99.93 96.48 96.40
Cat 4.959 4.954 5.015 5.012
Spot size 1 lm 15 lm 1 lm 15 lm
Cat, total cations.
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in a SIMS analysis was small as can be 
depicted from the major element composition 
(Table 3). Whole rock concentrations of 
major elements and their oxides and some 
trace elements (H, B, and Cl) of 14 samples 
were determined using the prompt gamma 
activation analysis (PGAA) facility at the 
Budapest Research Reactor (Hungary). PGAA 
is especially useful for analyzing whole rock 
boron, chlorine and hydrogen concentrations. 
In contrast to other geoanalytical methods, 
sample preparation procedures are not 
needed, and hence contamination problems 
are eliminated (Anderson and Kasztovszky, 
2004). Accuracy of trace element analyses 
by PGAA was checked by measurements of 
geological reference materials (Gméling et 
al., 2005) and of natural samples (Marschall 
et al., 2005). The spectra were evaluated 
with Hypermet-PC software; the element 
identification was performed using a prompt-
gamma library (Révay et al., 2001). The 
H2O content of the sample is determined by 
stoichiometry. Each sample (0.3–4.5 g) was 
hot-sealed in a fluorinated ethylene propylene 
(FEP) film (about 20   30 mm), which produces 
a negligible background. The analytical setup 
was described by Molnar (2004). All of the 
samples were thinner than 5 mm; thus the 
selfabsorption of neutrons and c-photons was 
negligible. The measurement time for each 
individual sample varied between 4500 and 
10,000s (OD 26: 55’000s).
2.5. Results
2.5.1. Major and light element contents 
of minerals
 Concentrations of major and light elements 
are given in Tables 3 and 4, respectively. 
Primary olivine is homogeneous with an 
average Mg# of 0.91 (Mg#= 100   Mg/ [Mg + 
Fetot], all iron assumed as divalent), and NiO 
contents of  0.4 wt% (Fig. 2.4). Magmatic 
olivine in sample OD 42 (Fig. 2.3.F) has a Mg# 
of 0.80 and NiO contents of 0.1–0.2 wt%. 
Average light element contents of primary 
olivine are 1.04 µg/g for Li, 0.022 µg/g for B, 
and below the critical value for Be. They are 
higher in magmatic olivine of sample OD 42 
(Li 8.29 µg/g, B 0.54 µg/g and Be 9.8 ng/g). 
There is no core-to-rim variation in major and 
light elements for primary olivine; magmatic 
olivine is too small to detect zoning.
2.5.1.1. Pyroxenes
Orthopyroxene is homogeneous and not 
zoned, with an average Mg# of 0.91 (Table 
3c). The Al2O3 and Cr2O3 contents are quite 
variable (1.4–2.3 wt% Al2O3 and 0.1– 1.1 wt% 
Cr2O3) and positively correlated (Fig. 2.5.A), 
with the exception of sample OD 52. Average 
light element contents of orthopyroxene are 
0.7 µg/g Li, 0.011 µg/g B and below the critical 
value for Be. There is no core-torim variation 
in major and light elements for orthopyroxene 
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(profile in Table 4, OD22C3opp1–1 to 1–6, 
rim to core). Primary clinopyroxene in sample 
OD 32 is zoned. The rim is enriched in Mg 
and Si, depleted in Al and Cr compared to 
the core (Fig. 2.6). The rim composition of 
the primary clinopyroxene is similar to the 
composition of interstitial clinopyroxene (Fig. 
2.6). The light element contents show no 
difference between rim and core. The average 
values are 1.5 µg/g for Li, 0.07 µg/g for B, 
and below critical value for Be. Interstitial 
clinopyroxene has Mg# between 0.91 and 
0.95, CaO is 20–25 wt%, Na2O 0.2 wt% and 
TiO2 0.2wt%. Interstitial clinopyroxene has 
average light element contents of 2.05 µg/g 
Li, 0.89 µg/g B and 8.6 ng/g Be, higher than 
those of primary clinopyroxene.
2.5.1.2. Serpentine minerals
There is no systematic difference in the major 
and light element composition of serpentine 
minerals from different textures (see section 
’Site and sample characteristics’). Serpentine 
minerals have SiO2 between 39.1 and 42.0 
wt% and an average FeO content of 4.3 wt%. 
NiO is below 0.44 wt%. Cr2O3 is below 0.81 
wt%. Analyses within serpentine matrix give 
lower oxide totals than analyses of other 
serpentine textures, but calculated cations 
normalized to nine oxygens are conform 
with serpentine stoichiometry. The light 
element content of the serpentine minerals 
is highly variable, ranging from 0.002 to 9.37 
µg/g Li, and from 0.09 to 138 µg/g B. The 
results of micro-Raman analyses performed 
on some of the spots analyzed for light 
element concentrations by SIMS showed 
that in cases where Li concentrations exceed 
1 µg/g, serpentine (lizardite) is mixed with 
orthopyroxene (Pelletier, 2008). The average 
light element abundances in serpentine of 
our samples are 0.67 µg/g Li, 48.29 µg/g B, 
and 4.5 ng/g Be (Table 4).
Fig. 2.6. Major element composition of clinopyroxene, core and rim of primary clinopyroxene (cpxI) 
are indicated as fields delimited by dashed lines. (A) Al2O3 versus CaO diagram, with data from ODP 
Leg 153 for comparison (MARK area). (B) Cr2O3 versus Mg# diagram. (C) TiO2 versus Na2O diagram. 
(D) Al2O3 versus Mg# diagram. Abyssal peridotites field after Ross and Elthon (1997), and references 
therein. ODP Leg 209 field after Seyler et al. (2007) and Moll et al. (2007).
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2.5.1.3. Accessory minerals
Spinel has Cr# (Cr#= Cr/[Cr + Al]) between 
0.37 and 0.54 and Mg# from 0.55 to 0.68 (Fig. 
2.7). In sample OD 42, spinel has higher Cr# 
(0.70) and lower Mg# (0.29). TiO2 values are 
below 0.2 wt%. Fe2O3 in magnetite varies 
from 61.2 to 67.9 wt%. Small grain size led 
to some SiO2 contamination. Chlorite has 
Mg# 0.92 and Cr2O3 contents of <1.2 wt%. 
The light element contents of the two mineral 
grains analyzed are 0.40 µg/g and 0.53 µg/g 
for Li, 44.9 ng/g and 61.3 ng/g for Be and 
0.97 µg/g and 0.85 µg/g for B. The mica 
(coexisting with magmatic olivine) in OD 42 
is a phlogopite with Mg# of 0.91. 5.2. Light 
element, H2O and Cl contents of whole rock 
samples
As only little material was available, only 
limited whole rock analysis for B, H and Cl 
by PGAA could be performed (Table 5, Fig. 
2.8). Li concentrations in some samples are 
available from isotope dilution (data from Vils 
et al., 2008). PGAA measures of B whole rock 
contents range from 50.3 µg/g to 65 µg/g at 
Site 1272A and from 10.4 µg/g to 38.5 µg/g 
at Site 1274A. H2O contents of whole rock 
samples determined by PGAA vary between 
13.0 and 16.4wt% at Site 1272A, and from 
10.9 to 15.0wt% at Site 1274A. Cl whole rock 
contents determined by PGAA range from 
6032 to 10,114 µg/g at Site 1272A and from 
1061 to 3566 µg/g at Site 1274A (Table 5). Li 
content of whole rock determined by isotope 
dilution varies between 0.07 and 0.81 µg/g at 
Site 1272A, and between 0.28 and 3.37 µg/g 
at Site 1274A (data from Vils et al., 2008).
Calculated Li and B contents of whole rock 
samples based on mineral modes, in-situ 
measurements on minerals (this study) and 
spinel data from Ottolini et al. (2004; 0.51 
µg/g for Li and 0.0035 µg/g for B), show no 
systematic deviation from measured values 
towards higher or lower values. Seventy 
percent of all analyzed samples are within an 
error of 20% (B) and 50% for Li, respectively. 
The low abundance of Li-bearing phases in 
ODP Leg 209 (only clinopyroxene) leads to 
a large uncertainty when calculating whole 
rock Li content. Whole rock samples were not 
analyzed for Be. Due to the low abundance of 
this element found during the in-situ mineral 
analyses, we conclude that there is negligible 
Be in the serpentinized oceanic mantle. The 
down-hole variation of B, Li, Cl and H2O is 
illustrated in Fig. 2.8. At Site 1274, B, Cl and 
H2O contents are generally higher at depth, 
although there is no clear correlation. The Li 
content remains more or less constant with 
Fig. 2.7. (A) Cr# (=Cr/Cr + Al) versus Mg# (=Mg/(Mg + Fe2+tot) diagram for spinel, modified after 
Hellebrand et al. (2002), showing the relative depletion of the mantle at ODP Leg 209. ODP Leg 209 
field after Seyler et al. (2007) and Moll et al. (2007). (B) Cr# in spinel versus Mg# in olivine diagram, 
modified after Pelletier (2008) and references therein. OSMA, Olivine–spinel mantle array (after Arai, 
1994); FMM, fertile MORB mantle (after Arai, 1994); and SSZ, supra subduction zone.
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depth. At Site 1272A, H2O tends to lower 
values with depth, B may display a similar 
trend, while Li contents clearly increase with 
depth. The Cl whole rock content seems to 
decrease with depth from 10’000 to 6’000 
µg/g and then remains roughly constant.
2.6. Discussion
In the following, we will discuss the nature of 
the protoliths, including chemical and textural 
evidence of melt infiltration. Then, we will 
examine the impact of serpentinization on the 
B and Li contents of whole rock samples and 
present a model of the light element budget 
of the oceanic lithosphere.
2.6.1. Light element contents of primary 
minerals
Primary olivine of both ODP Sites shows 
Mg# between 0.90 and 0.92 (except sample 
OD 42), which is within the range of mantle 
olivine. This variation does not correlate with 
NiO contents, the latter varying at any given 
Mg. The Cr–Al systematics of orthopyroxene 
(Fig. 2.5.B) and the Ca–Al–Cr systematics of 
clinopyroxene (Fig. 2.5.A) are in line with those 
of other abyssal peridotites (e.g. Shibata and 
Thompson, 1986; Ross and Elthon, 1997). 
Spinel compositions are also concordant 
with values for abyssal peridotites (Fig. 2.7), 
except for a weak shift towards lower Mg#. 
This trend could be explained by partial 
diffusive re-equilibration to magnetite formed 
during serpentinization or upon cooling after 
melt infiltration (see section ‘Protoliths and 
melt refertilization’). Light element contents 
of olivine and orthopyroxene (Table 4, Fig. 
2.9) are close to the depleted mantle values 
reported by Salters and Stracke (2004). 
There is no trend for Li and B towards or 
away from seawater composition (4.6 µg/g 
B, 0.18 µg/g Li; Quinby-Hunt and Turekian, 
1983; Jean-Baptise et al., 1991; Schmidt et 
al., 2007). The B and Li contents obtained in 
this study are also similar to those of olivine 
and orthopyroxene from the Pindos ophiolite, 
Greece (Pelletier, 2008). In contrast, B and 
Li in clinopyroxene show a wider range 
of values that trend towards the MORB 
field (Fig. 2.9, Ryan and Langmuir, 1987; 
Ryan and Langmuir, 1993), confirming that 
clinopyroxene probably crystallized later than 
primary olivine, orthopyroxene and spinel 
(see below). In summary, major, minor and 
light element composition of pyroxenes, spinel 
and the Mg# of olivine were not changed by 
serpentinization and can be used to constrain 
the peridotitic protolith of the serpentinites.
2.6.2. Protoliths and melt refertilization
It is commonly accepted that the spectrum 
of mantle rock samples at mid-ocean ridges 
has been produced by partial melting of the 
upper mantle at spinel-facies conditions, 
followed by removal of basaltic melt (e.g. 
Hamlyn and Bonatti, 1980; Dick and Bullen, 
1984). The degree of partial melting can be 
deduced from the Cr# of spinel (Hellebrand 
et al., 2001), and spinel compositions from 
mantle rocks along the MAR suggest partial 
melting between 7% and 20% (Fig. 2.7.A). 
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Table 4
Representative light element contents of minerals from the two drill
sites
Site 1272A Li Be B
lg g�1 1r ng g�1 1r lg g�1 1r
Olivine
OD29Cloll 0.98 0.05 0.000 0.62 0.00 0.00
OD29Clol2 0.90 0.05 b.d.l. — 0.00 0.01
OD26C3ol2 0.67 0.05 0.75 1.31 0.00 0.01
OD26C3ol3 0.68 0.08 0.75 1.31 0.01 0.01
OD28Cloll 0.52 0.06 0.56 0.91 0.00 0.01
OD28C3ol3 0.61 0.04 2.54 5.35 0.01 0.01
OD6C2oll 1.04 0.04 b.d.l. — 0.01 0.01
OD2Cloll 0.89 0.05 0.98 2.08 0.03 0.02
Orthopyroxene
OD22C4op2 0.67 0.03 0.22 0.23 0.02 0.01
OD22C3oppl-l 0.72 0.07 0.80 1.42 0.00 0.01
OD22C3opp1-2 0.69 0.13 1.03 1.33 0.01 0.01
OD22C3opp1-3 0.56 0.06 0.64 1.25 0.01 0.01
OD22C3opp1-4 0.80 0.37 1.93 4.00 0.01 0.01
OD22C3opp1-5 0.54 0.05 0.63 0.90 0.00 0.00
OD22C3opp1-6 0.78 0.16 0.13 0.42 0.00 0.00
OD29C5op1 0.76 0.04 1.19 1.17 0.02 0.01
OD26C4op2 0.95 0.03 0.16 0.49 0.01 0.01
OD26C3op3 0.72 0.04 0.16 0.50 0.00 0.00
OD26C3op2 0.80 0.07 0.50 0.81 0.00 0.01
OD28C2op6 0.61 0.03 0.99 1.39 0.01 0.01
OD28C1op3 1.00 0.04 0.50 0.81 0.16 0.02
Clinopyroxene
OD29C2cp4 5.41 0.23 0.16 0.50 0.93 0.13
OD29C2cp5 4.39 0.20 0.67 1.17 2.39 0.19
OD29C2cp1 2.69 0.04 0.22 0.29 0.74 0.7
OD28C2cp2 1.56 0.07 0.91 1.17 0.041 0.01
OD28Clcp5 2.14 0.10 b.d.l. — 0.04 0.01
Serpentine minerals
OD7C9srlO 0.05 0.01 0.25 0.53 39.29 0.55
OD7C5sr11 0.11 0.01 0.70 1.22 14.79 0.29
OD26C3sr2 0.44 0.02 1.29 1.52 58.10 2.90
OD28C2sr15 2.09 0.03 0.30 0.70 71.38 2.33
OD28C1sr8 1.80 0.06 0.49 0.79 138.20 3.16
OD11C5sr11 0.07 0.01 0.27 0.57 37.94 0.02
OD6C1sr4 0.01 0.01 0.70 1.23 38.94 1.13
OD7C3sr8 0.22 0.2 0.27 0.57 84.57 2.16
OD11C2sr5 0.19 0.02 0.16 0.52 52.77 1.95
OD6C3sr4 0.00 0.00 0.38 0.62 31.56 0.56
OD7C1sr14 0.02 0.01 0.22 0.46 24.14 0.52
OD7C3sr1 0.22 0.03 0.13 0.42 80.50 2.31
OD11C5sr9 0.03 0.01 0.39 0.63 12.92 0.34
OD22C3srl 0.01 0.00 0.43 0.95 20.0 1.03
OD2C2srl0 0.03 0.01 0.77 0.95 37.08 0.76
OD2C2sr31 0.39 0.04 0.38 0.76 72.42 3.41
OD2C3sr7 0.07 0.02 0.53 0.81 13.76 0.53
OD2C5srll 0.06 0.01 b.d.l. — 65.10 0.95
OD15C2sr7 0.19 0.01 0.34 0.67 76.13 0.84
OD15C1sr6 0.00 0.00 0.18 0.55 35.00 0.68
OD15C1sr10 0.27 0.04 0.20 0.61 92.51 1.17
OD15C3sr4 0.18 0.03 0.20 0.59 27.72 0.31
OD15C3srll 1.61 0.09 b.d.l. — 101.53 2.09
OD18C2sr8 1.50 0.16 b.d.l. — 83.73 1.59
ODP18C2sr5 0.62 0.04 0.87 1.06 88.89 2.84
OD6C1sr1 0.03 0.27 0.32 2.11 37.58 0.034
OD6C1sr5 0.21 0.6 0.54 4.1 74.1 0.045
OD6C1sr6 0.07 0.16 0.31 2.11 33.54 0.016
Table 4 (continued)
Site 1274A Li Be B
lg g�1 1r ng g�1 1r lg g�1 1r
Olivine
OD32oli-1 0.86 0.03 0.42 0.83 0.00 0.00
OD34oli2 0.81 0.04 0.49 0.62 0.01 0.00
OD34oli3 1.15 0.04 0.00 0.00 0.02 0.01
OD38ol-1 0.85 0.04 0.22 0.44 0.01 0.00
OD38ol-4 1.02 0.04 0.22 0.43 0.02 0.01
OD42oli-1 1.30 0.04 0.48 0.49 0.00 0.00
OD42oli-4 1.04 0.02 0.61 0.68 0.01 0.00
OLII-42oli-5 8.29 0.09 9.87 2.92 0.55 0.04
OD48oli-2 0.94 0.02 0.60 0.92 0.04 0.02
OD52ol1 0.88 0.03 0.56 0.71 0.00 0.00
OD52olb1 0.76 0.03 0.29 0.55 0.01 0.00
Orthopyroxene
OD52opxb2 0.61 0.02 3.64 1.57 0.08 0.02
OD52opxb3 0.65 0.03 2.76 1.43 0.01 0.00
OD34opxb1 0.60 0.01 0.43 0.54 0.01 0.00
OD34opxb2 0.48 0.03 0.90 0.95 0.01 0.01
OD34opxc1 0.67 0.04 0.42 0.53 0.01 0.00
OD38opx-1 0.83 0.03 0.94 0.84 0.01 0.01
OD48opx-3 0.39 0.02 0.25 0.34 0.01 0.00
OD32opxI-1 0.61 0.02 0.55 0.56 0.01 0.00
Clinopyroxene
OD32cpxI-l 1.56 0.05 0.50 0.71 0.05 0.01
OD32cpxI-2 1.42 0.07 0.22 0.44 0.10 0.02
OD34cpxcl 2.80 0.08 1.30 1.51 0.01 0.01
OD34cpxc3 0.45 0.02 0.83 0.65 0.01 0.01
OD38cpx-1 1.56 0.05 0.75 0.77 0.03 0.01
OD38cpx-2 1.70 0.04 1.38 1.98 0.81 0.06
OD42cpx-4 2.02 0.05 67.38 7.29 0.12 0.03
OD48cpx-4 1.29 0.03 0.96 0.52 1.88 0.05
OD52cpx3 1.51 0.06 5.43 2.06 0.01 0.01
Serpentine minerals
OD32ba-2 0.59 0.02 0.69 0.85 9.53 0.27
OD34ba3 9.38 0.16 0.46 0.58 58.10 0.81
OD42ba-3 0.90 0.02 15.72 2.95 1.46 0.11
OD48ba-1 2.08 0.26 0.65 0.58 63.04 3.80
OD49ba-1 0.19 0.01 0.26 0.34 50.21 0.39
OD52ba3 0.43 0.02 6.13 2.30 69.57 0.61
OD38ba-3 0.19 0.02 0.39 0.79 21.64 0.17
OD38ba-5 1.23 0.05 0.21 0.41 40.58 0.51
OD42se-1 0.05 0.00 1.93 0.82 4.28 0.20
OD42ser-4 0.20 0.02 3.44 0.0 0.09 0.02
OD38ser-3 0.10 0.01 0.60 0.61 11.65 0.13
OD38ser-4 0.12 0.01 b.d.l. — 3.81 0.15
OD32sol-2 0.09 0.01 b.d.l. — 0.44 0.12
OD48ser-l 0.08 0.01 0.12 0.25 9.96 0.15
OD48sv-2 0.64 0.02 2.21 1.82 14.02 0.24
OD52sev2 0.09 0.01 0.00 0.00 24.45 0.22
OD52sev4 0.13 0.02 0.90 0.94 40.39 0.47
OD32serol-1 0.12 0.01 0.35 0.46 2.85 0.56
Chrysotile vein
OD32chry-2 0.37 0.03 0.96 0.86 15.54 0.24
OD34chry2 0.29 0.02 0.24 0.45 20.08 0.36
OD42chry-1 0.11 0.01 0.88 0.54 4.04 0.11
OD48chry-l 0.14 0.02 0.51 1.02 24.10 0.91
OD49chry-2 0.08 0.01 1.85 1.68 19.33 1.42
OD52chry2 0.07 0.01 0.64 0.62 26.04 0.14
OD52chry4 0.07 0.01 0.45 0.57 26.25 0.27
1r showed as example of measurement errors (b.d.l., below
dedection limit; OD2c29cp1, sample OD 2; circle 2 cpx grain 4).
Detection limits are: 1.4 ng/g (Li), 1.0 ng/g (Be), 7.5 ng/g (B).
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Spinel in the studied samples from ODP 
Leg 209 is among the most depleted of all 
abyssal peridotites, indicating partial melting 
exceeding 20% (Fig. 2.7.A; see also Godard 
et al., 2008). A similar conclusion can be 
drawn on the degree of partial melting when 
considering the relation between Mg# of 
olivine and Cr# of spinel (Fig. 2.7.B). Based 
on mineral compositions from Site 1274A, 
Seyler et al. (2007) explain this high degree 
of depletion with a two-stage partial melting/
melt–rock reaction history, with an early 
melting in the garnet stability field.
In the studied samples, there is little textural, 
but widespread chemical evidence that the 
peridotite at both studied sites was infiltrated 
by mafic melts prior to serpentinization. 
Interstitial clinopyroxene forms textures with 
primary minerals (now pseudomorphosed by 
serpentine; Fig. 2.3.A) that strongly resemble 
textures of melt pockets and primary minerals 
obtained with mantle rocks during deformation 
experiments (e.g. Bussod and Christie, 
1991; Kohlstedt and Zimmerman, 1996; de 
Kloe et al., 2000). Seyler et al. (2001, 2007) 
interpreted similar clinopyroxene as left over 
from an interstitial melt. We thus interpret 
the interstitial clinopyroxene as crystallized 
from a melt, as described for ophiolites (e.g. 
Dijkstra et al., 2001; Müntener and Piccardo, 
2003; Müntener et al., 2004).
Most of the clinopyroxene grains measured 
in this study show no TiO2 enrichment and 
plot within the abyssal peridotites field (Fig. 
2.6). In contrast, sample OD 42 shows a 
trend towards melt enrichment, while the 
samples OD 38 and OD 48 show pronounced 
signatures of TiO2 enrichment. The major 
element compositions of clinopyroxene 
obtained in this study (Figs. 2.4–2.7) are 
consistent with the earlier microprobe data 
from ODP Leg 209 Site 1274A (Seyler et al., 
2007; Moll et al., 2007). 
The B and Li contents of interstitial 
clinopyroxene are in line with the hypothesis 
that these grains crystallized from an 
infiltrating melt. Compared to normal mantle 
clinopyroxene, interstitial clinopyroxene 
is variably enriched in B and Li, with a 
trend towards the MORB field (Fig. 2.9). 
According to Seitz and Woodland (2000), Li 
enrichment in clinopyroxene compared to 
olivine and orthopyroxene can be related 
to metasomatism by mafic silicate melts or 
hydrous fluids. The preferential incorporation 
of Li in clinopyroxene during impregnation of 
peridotite by mafic melt was also reported by 
Eggins et al. (1998), McDade et al. (2003), 
Ottolini et al. (2004), Woodland et al. (2004) 
and Pelletier (2008).
An alternative explanation for the preferential 
enrichment of Li would be fractionation upon 
cooling. Coogan et al. (2005) performed 
experiments on Li diffusion in clinopyroxene 
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Fig. 2.9. Light element data obtained by SIMS 
analysis of primary minerals from ODP Leg 209 
Sites 1272A and 1274A. Cpx I, primary cpx (OD 
32); ol II, magmatic olivine. (OD42), Depleted 
mantle value after Salters and Stracke (2004), 
errors on these values are 8% for Li and 91% 
for B. Seawater value after Schmidt et al. (2007), 
MORB-field after Ryan and Langmuir (1987); 
Ryan and Langmuir (1993).
Fig. 2.10. Light element data of serpentine 
minerals obtained by SIMS-analysis of secondary 
minerals from ODP Leg 209 Site 1272A and 
1274A. Depleted mantle value after Salters and 
Stracke (2004). Seawater and hydrothermal fluid 
value after Schmidt et al. (2007), Lost City data 
(Boschi, 2006).
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at 800–1000°C and observed that Li diffused 
into clinopyroxene within hours. Jeffcoate et 
al. (2007) also suggested higher diffusivity 
of Li in clinopyroxene compared to olivine for 
phenocrysts from Hawaiian basalts. In the 
studied samples, however, we observe that 
olivine and orthopyroxene show Li abundances 
typical of minerals from the depleted 
mantle (Fig. 2.9), while clinopyroxene is 
enriched in Li. Inter-mineral diffusive re-
equilibration would have depleted olivine and 
orthopyroxene in Li. Also, the only primary 
clinopyroxene grain that could be analyzed 
shows no zoning in Li, which could support the 
hypothesis of fractionation upon cooling. We 
therefore conclude that the principal process 
controlling Li enrichment in clinopyroxene is 
melt infiltration.
2.6.3. The impact of serpentinization
As shown above, serpentinization had 
almost no impact on the composition of 
primary phases, but it modified the whole 
rock composition, in particular B contents, by 
formation of serpentine. Fig. 2.10 and Table 
4 reveal that B contents of serpentine are 
much higher than those of primary minerals 
and than values for the depleted mantle. 
Most serpentine grains show B abundances 
between 10 and 100 µg/g. The variability 
of B abundances in serpentine is higher at 
Site 1274A (on average less serpentinized) 
than at Site 1272A (almost completely 
serpentinized), the latter showing generally 
higher absolute values (Fig. 2.10). There is 
no simple positive correlation between the 
degree of serpentinization and B whole rock 
contents (Fig. 2.8). However, the variability of 
B abundances in whole rock samples is higher 
at Site 1274A than at Site 1272A, the latter 
showing generally higher values (Fig. 2.11). 
A similar conclusion can be drawn from sulfur 
and from oxygen isotopes (Alt et al., 2007). 
At site 1274A, more primary sulfide minerals 
are preserved (e.g. pentlandite, chalcopyrite, 
bornite) and oxygen isotopic composition 
is within the range for depleted mantle 
(Alt et al., 2007). At Site 1272A, primary 
sulfides are almost completely transformed 
to awaruite and heazlewoodite, testifying 
to desulfurization under reducing conditions 
due to serpentinization (Bach et al., 2004), 
and δ18O values are enriched, pointing to 
more extensive interaction with seawater or 
a seawater-derived fluid than at site 1274A 
(Alt et al., 2007).
The positive correlation of B, Cl and H2O 
implies that serpentinzation is the main 
process for B and Cl enrichment in ultramafic 
rocks. Cl contents correspond to average 
values for serpentinized mantle samples 
(Barnes and Sharp, 2006; Bonifacie et al., 
2007), and show trends similar to H2O.
Literature data confirm that serpentinization 
increases the B contents of oceanic mantle 
rocks (e.g. Bonatti et al., 1984; Thompson and 
Melson, 1970). Serpentinization at oceanic 
ridges is commonly triggered by heated 
seawater that cycles through the crust and 
parts of the lithospheric mantle and slowly 
alters the oceanic plate. As B is abundant 
in seawater (4.6 µg/g, Quinby-Hunt and 
Turekian, 1983; Jean-Baptise et al., 1991) 
compared to depleted mantle (0.04 µg/g, 
Table 6), seawater–peridotite interaction 
should enrich the mantle in B. Various 
studies on dredged abyssal peridotites have 
confirmed this enrichment in serpentinite 
(Thompson and Melson, 1970; Bonatti et al., 
1984; Spivack and Edmond, 1987; Boschi et 
al., 2008), and studies on alpine serpentinite 
have demonstrated a large variability of B 
contents in serpentine (Scambelluri et al., 
2004; Pelletier et al., 2008). 
Experiments on chemical exchange between 
seawater and peridotite showed that at high 
temperature B is probably not incorporated 
into the rock but remains in solution (Seyfried 
and Dibble, 1980). However, during slow 
cooling below 300°C, a B loss from the fluid 
was observed (partially driven by a change 
in pH). This implies that the major uptake of 
B by peridotites takes place at temperatures 
below 300°C (Seyfried and Dibble, 1980).
The variation of B concentrations in the 
studied samples could also be due to 
changes in pH and temperature of the 
reacting fluid. For incorporating B in silicates, 
tetrahedrally coordinated boron, B(OH)4, 
is required (Spivack and Edmond, 1987). 
Palmer and Swihart (1996) demonstrated 
the pH dependency of B(OH)4 availability in 
fluids. Their results show that only at pH >8 
significant concentrations of tetrahedrally 
coordinated boron complexes are present. At 
pH values lower than 6, B(OH)4  is absent in 
the fluid and B is not enriched in the minerals 
(Palmer and Swihart, 1996). Bonatti et al. 
(1984) showed a negative correlation between 
43
LiBeB - ODP Leg 209
temperature and B concentration in abyssal 
peridotites from the Vema and Romanche 
Fracture zones, using O18/O16 fractionation 
between coexisting magnetite and serpentine 
as a thermometer (Wenner and Taylor, 1971). 
This simple relationship has been questioned 
by Plas (1997). His results from abyssal 
peridotites of different MOR (ODP Leg 107, 
147, 149) for B and δ18O showed that there is 
no simple correlation between temperature, 
serpentine mineral type and B content (Plas, 
1997). For Lost City, Boschi et al. (2008) 
report B incorporation into serpentine at 
moderate temperatures, with random B - 
δ18O distribution, supporting the hypothesis 
of Plas (1997).
The Li contents of serpentine in the studied 
samples range from 0.001 to 9.38 µg/g. 
The high abundances may in part be due 
to analyses of mixtures of serpentine with 
primary (cpx, opx, and ol) or secondary 
phases (brucite and iowaite). If the latter 
show the same light element characteristics 
as clay minerals they should be rich in Li.
In any case, the Li contents of serpentine 
from Sites 1272A and 1274A are on the 
average lower than those of primary minerals 
(Fig. 2.10). Serpentinization, on average, 
should thus decrease Li contents of the 
whole rock samples. Serpentine from Site 
1274A (less serpentinized) shows a smaller 
variation in Li contents and tends to higher 
values compared to serpentine from Site 
1272A (almost completely serpentinized), 
which shows a larger variation and tends to 
lower values (Fig. 2.10).
The Li whole rock contents range from 
0.72 to 1.04 µg/g (Vils et al., 2008) and 
are within the range measured by Paulick et 
al. (2006) and Godard et al. (2008; 0.04– 
1.37 µg/g). They are, on average, lower 
than values for the depleted mantle (Fig. 
2.11). Samples from the less serpentinized 
Site 1274A tend to higher and more uniform 
values than samples from Site 1272A, which 
show a larger variation and a lower average 
of Li contents (Fig. 2.11). As for B, there 
is no simple linear correlation between the 
degree of serpentinization and Li whole rock 
contents. On the other hand, Fig. 2.11 shows 
a significant difference between Mariana 
forearc samples (ODP Leg 125) and ODP Leg 
209. Pore water measurements at the Mariana 
forearc showed high B (0.96–42.9 µg/g) and 
low Li abundance in the fluids (0.0001–0.07 
µg/g; Mottl et al., 2004), the latter being 
probably the source of the enriched B and Li 
concentrations of the Mariana samples with 
respect to the ODP Leg 209 samples.
Less is known about the incorporation of 
Li into serpentine and serpentinite than for 
B. Whole rock studies on dredged abyssal 
peridotites have shown a considerable 
enrichment of serpentinized peridotite in Li 
compared to depleted mantle values, but 
with large variations (0.6– 13.4 µg/g; Decitre 
et al., 2002; Niu, 2004). In-situ analysis 
of serpentine for Li revealed even larger 
variability (Decitre et al., 2002). In analogy to 
Fig. 2.11. A) Diagram showing measured Li and B 
contents of whole rock samples from the oceanic 
domain. Data for samples from Mariana forearc 
mud volcanoes (ODP Leg 215) are from Savov et 
al. (2005); the value for the depleted mantle (DM) 
is from Salters and Stracke (2004). B) Diagram 
showing measured Li and H2O contents of whole 
rock samples, indicating Li loss with increasing 
serpentinization.
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the results of heating experiments conducted 
on altered basalt (Seyfried et al., 1998), it 
may be concluded that Li incorporation in 
serpentine is favored at temperatures below 
350°C.
In summary, the systematics of B and Li 
observed in serpentine and serpentinite from 
Sites 1272A and 1274A suggest that the B and 
Li budget is strongly controlled by the degree 
of serpentinization, although there are large 
variations on the sample and the thin section 
scale. This suggests that the light element 
budget should depend strongly on water/
rock ratios. In their study on serpentinized 
peridotites from Lost City, Boschi et al. (2008) 
observed that B content and δ11B values show 
a strong positive correlation with water/rock 
ratios, the latter calculated by using the Sr 
isotopic composition of the rocks. For ODP 
Leg 209, we measured high δ11B and high 
B content and calculated high water/rock 
ratios using the Sr isotopic composition of the 
serpentinites (Vils et al., 2008).
The potential role of temperature and pH is 
difficult to assess, because there are no direct 
indications from the two sites. Concerning 
temperature, we assume that within each 
of the two sites any temperature gradient 
must have been negligible given that the 
rocks cover a vertical distance of only 147 m 
(Table 1). There may have been a systematic 
temperature difference between the two sites 
given the large horizontal distance (Fig. 2.1), 
but Alt et al. (2007) derive serpentinization 
temperatures around 150°C at both sites 
on the basis of oxygen isotope data of 
serpentinites and gabbros. In addition there 
seems to be a chemical difference between the 
two Sites (Fig. 2.4–2.7). Spinel compositions 
show a lower degree of partial melting at Site 
1272A compared to Site 1274A. 
Indications of temperature and pH during 
water-rock interaction on the ocean floor 
come from two hydrothermal fields at the 
MAR, Logatchev and Lost City. The Logatchev 
hydrothermal field lies approximately 50 km 
south of Site 1272A. Fluids emerging from 
this site have temperatures of 353°C and a 
pH of 3.3 (Douville et al., 2002 and Schmidt 
et al., 2007). They contain 3.63 µg/g B 
and 1.75 µg/g Li and are interpreted as 
chemically buffered by ultramafic and mafic 
rocks (Schmidt et al., 2007). The Li content in 
fluids buffered by only mafic rocks should be 
generally higher than for ultramafic systems 
(e.g. Snakepit 5.85 µg/g Li, Douville et al., 
2002), but may be difficult to predict for mixed 
systems. At the Logatchev hydrothermal 
field, serpentinization enriched the reacting 
seawater in Li and depleted it in B. The ODP 
Leg 209 mineral and whole rock B and Li 
data are in line with such a process, although 
the fluids from Logatchev contain too much 
B to be in equilibrium with peridotites only 
from Sites 1272A and 1274A. However, this 
difference may be explained by the fact 
that we studied an (almost) pure ultramafic 
system, while the Logatchev fluids represent 
a mafic-ultramafic system.
In 2000, an expedition discovered an off-
axis hydrothermal field near the summit 
of the Atlantic massif: Lost City, a cold 
hydrothermal system driven by the exothermic 
serpentinization reaction (Kelley et al., 2001; 
Früh-Green et al., 2003; Kelley et al., 2005). 
From the white smokers a fluid with 40–75°C 
ine were not changed by serpentinization and can be used to
constrain the peridotitic protolith of the serpentinites.
6.2. Protoliths and melt refertilization
It is commonly accepted that the spectrum of mantle
rock samples at mid-ocean ridges has been produced by
partial melting of the upper mantle at spinel-facies condi-
tions, followed by removal of basaltic melt (e.g. Hamlyn
and Bonatti, 1980; Dick and Bullen, 1984). The degree of
partial melting can be deduced from the Cr# of spinel (Hel-
lebrand et al., 2001), and spinel compositions from mantle
rocks along the MAR suggest partial melting between 7%
and 20% (Fig. 7a). Spinel in the studied samples from
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Fig. 7. (A) Cr# (=Cr/Cr + Al) versus Mg# (=Mg/(Mg + Fetot) diagram for spinel, modiﬁed after Hellebrand et al. (2002), showing the
relative depletion of the mantle at ODP Leg 209. ODP Leg 209 ﬁeld after Seyler et al. (2007) and Moll et al. (2007). (B) Cr# in spinel versus
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Table 5
Whole rock PGAA analyses from ODP leg 209
SiO2 H2O H B S Cl
wt% ± wt% ± wt% ± lg g�1 ± lg g�1 ± lg g�1 ±
Site 1272A
OD 2 33.85 0.90 16.13 0.43 1.80 0.04 58.7 1.11 0 10114 446
OD 6 35.73 0.93 15.42 0.41 1.73 0.04 60.3 1.10 1380 84 7759 343
OD 11 35.10 0.92 16.40 0.43 1.84 0.04 53.9 1.01 1353 107 6389 291
OD 15 35.77 0.93 15.11 0.40 1.69 0.04 59.3 1.08 1330 96 6682 314
OD 18 35.84 0.94 15.34 0.41 1.72 0.04 59.8 1.12 1909 132 6355 251
OD 22 36.21 0.92 15.17 0.40 1.70 0.04 65.0 1.18 1402 118 7291 289
OD 26 30.64 1.03 13.00 0.43 1.45 0.03 61.5 1.12 2229 74 6032 244
OD 29 36.48 0.94 13.79 0.37 1.54 0.03 50.3 0.92 1399 109 6855 247
Site 1274A
OD 34 36.74 0.94 12.75 0.34 1.43 0.03 31.2 0.59 781 80 2242 90
OD 38 37.30 0.94 13.12 0.35 1.47 0.03 17.5 0.33 825 66 2746 129
OD 42 36.33 0.92 13.82 0.37 1.55 0.03 <0.2 – 561 66 1553 33
OD 45 38.50 0.98 10.90 0.30 1.22 0.03 10.4 0.20 <500 – 1061 44
OD 48 37.50 0.95 12.20 0.33 1.37 0.03 38.5 0.72 <500 – 1823 77
OD 49 34.57 0.92 14.99 0.40 1.68 0.04 36.6 0.69 1056 79 3566 144
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and a pH of 9–9.8 emerges (Kelley et al., 
2001). These hydrothermal fluids from Lost 
City are depleted in B and slightly enriched 
in Li compared to seawater (0.34 µg/g B and 
0.33 µg/g Li; Boschi, 2006). Thus, also the 
data from this hydrothermal field show that 
the reacting fluid is enriched in Li and depleted 
in B after percolation through ultramafic 
rocks, although temperature and pH are very 
different from the Logatchev hydrothermal 
field. This suggests that these two parameters 
may be less important for the B and Li budget 
of the serpentinite samples from Sites 1272A 
and 1274A than the water/rock ratios.
2.6.4. Model of the B and Li budget of 
the oceanic lithosphere
The data presented in this study have 
shown that serpentinized oceanic mantle can 
be considerably enriched in B and slightly 
depleted in Li compared to depleted mantle 
values. B contents seem to increase with the 
degree of serpentinization, while Li seems 
to show the opposite trend. This implies 
that serpentinization of oceanic mantle 
fractionates B from Li. This is opposite to what 
is found in igneous oceanic crust, where both 
B and Li are added by alteration processes 
(see Section 1).
Based on field and experimental data, 
Scambelluri et al. (2004) and Tenthorey and 
Hermann (2004) proposed that serpentinites 
are a major source of B into subduction 
zones. On the other hand, previous studies 
(see Section 1) have shown that—although 
volumetrically less important—the oceanic 
crust may also be an important reservoir of 
light elements. In addition, the proportions 
of igneous crust and mantle, the degree 
of hydrothermal alteration of the mantle, 
and the thickness of the lithosphere can 
vary considerably from one oceanic plate 
to another. Based on our results and on 
literature data, we model the budget of B 
and Li contained in the oceanic lithosphere, 
and its partitioning between crust and mantle 
as a function of plate characteristics. This 
represents an estimate of total B and Li 
potentially available in a subducting oceanic 
plate. We will first discuss the rationale and 
the parameters of our model. Then, we will 
present the results and discuss them against 
Fig. 2.12. Cross section through a mid-ocean ridge (modified after Ghose et al., 1996; Dijkstra et al., 
2001). Type I: modified cross-section through ODP 209-type lithosphere after 75 Ma (modified after 
Bach et al., 2004). Type II: simplified cross-section through a Semail-type lithosphere after 75 Ma 
(modified after Boudier and Nicolas, 1985). (A) Sedimentary cover, (B) pillow basalts (completely 
altered), (C) sheeted dykes (fresh basalt), (D) gabbros, (E) plagioclase peridotites, white: mantle. 
Stars indicate possible location of type I and II on a mid-ocean ridge.
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the background of published estimates of B 
and Li loss in subduction zones. Beryllium 
was not considered in our model because 
our data shows Be to be mostly around the 
critical value (<3 ng/g), independent of the 
degree of serpentinization. Also, the depleted 
mantle in general has very low Be contents 
(25 ng/g, Salters and Stracke, 2004). The Be 
content would be largely dominated by the 
sedimentary cover, because sediments can 
be enriched in Be up to the µg/g-level (e.g. 
Gao et al., 1998) and/or by the mafic crust 
(see compilation in Ryan, 2002).
2.6.5. Model parameters and rationale
Two parameters need to be considered 
when modeling the B and Li budget of the 
oceanic lithosphere. The first parameter is 
primary lithology. Geophysical data obtained 
in the oceanic domain (e.g. The MELT seismic 
team, 1998) and studies on ophiolites with 
largely coherent crust–mantle sections 
(Semail, Oman; Boudier and Nicolas, 1985) 
have shown that at fast-spreading ridges 
the igneous crust may be up to 7 km thick. 
On the other hand, at slow-spreading ridges 
such as the MAR, the igneous crust can be 
completely absent and the mantle exposed on 
the ocean floor (such as at Site 1274A, ODP 
Leg 209). Also, petrostructural studies on the 
Romanche and Vema fracture zones (mid-
Atlantic ridge) have stressed the importance 
of oceanic fracture zones for locally exhuming 
serpentinized mantle to shallow depths, 
creating lithologically variable crust-mantle 
sections (Bonatti and Honnorez, 1976). As 
‘endmember’ cases of oceanic lithosphere for 
our modeling we therefore use a lithospheric 
mantle with an igneous crust corresponding 
to that of the Semail ophiolite (Fig. 2.12, 
Table 6) and one with almost no igneous 
crust, such as that of to ODP Leg 209, Sites 
1274A and 1272A (Fig. 2.12, Table 6). For 
both types of lithosphere, the published 
stratigraphic logs (Semail ophiolite: Boudier 
1996). Bonatti et al. (1984) showed a negative correlation
between temperature and B concentration in abyssal peri-
dotites from the Vema and Romanche Fracture zones,
using O18/O16 fractionation between coexisting magnetite
and serpentine as a thermometer (Wenner and Taylor,
1971). This simple relationship has been questioned by Plas
(1997). His results from abyssal peridotites of diﬀerent
MOR (ODP Leg 107, 147, 149) for B and d18O showed that
there is no simple correlation between temperature, serpen-
tine mineral type and B content (Plas, 1997). For Lost City,
Boschi et al. (2008) report B incorporation into serpentine
at moderate temperatures, with random B—d18O distribu-
tion, supporting the hypothesis of Plas (1997).
The Li contents of serpentine in the studied samples
range from 0.001 to 9.38 lg g�1. The high abundances
may in part be due to analyses of mixtures of serpentine
with primary (cpx, opx, and ol) or secondary phases (bru-
cite and iowaite). If the latter show the same light element
characteristics as clay minerals they should be rich in Li.
In any case, the Li contents of serpentine from Sites
1272A and 1274A are on the average lower than those of
primary minerals (Fig. 10). Serpentinization, on average,
should thus decrease Li contents of the whole rock samples.
Serpentine from Site 1274A (less serpentinized) shows a
smaller variation in Li contents and tends to higher values
compared to serpentine from Site 1272A (almost com-
pletely serpentinized), which shows a larger variation and
tends to lower values (Fig. 10).
The Li whole rock contents range from 0.72 to
1.04 lg g�1 (Vils et al., 2008) and are within the range mea-
sured by Paulick et al. (2006) and Godard et al. (2008; 0.04–
1.37lg g�1). They are, on average, lower than values for the
depleted mantle (Fig. 11). Samples from the less serpenti-
nized Site 1274A tend to higher and more uniform values
than samples from Site 1272A, which show a larger varia-
tion and a lower average of Li contents (Fig. 11). As for
B, there is no simple linear correlation between the degree
of serpentinization and Li whole rock contents. On the
other hand, Fig. 11 shows a signiﬁcant diﬀerence between
Mariana forearc samples (ODP Leg 125) and ODP Leg
209. Pore water measurements at the Mariana forearc
showed high B (0.96–42.9 lg g�1) and low Li abundance
in the ﬂuids (0.0001–0.07 lg g�1; Mottl et al., 2004), the lat-
ter being probably the source of the enriched B and Li con-
Table 6
Lithium and boron budget into subduction zone
Sediment (clay) MORB (altered) MORB (fresh) Gabbro Peridotite (80% serp) DM (harz)
Density (kg m�3) 2700 2690 2900 2900 2530 3300
Li (lg/g) 44.65 14.89 5.65 1 0.62 0.8
B (lg/g) 83.91 40 1.99 2.7 40.92 0.04
Data source 1 4 and 5 2 and 3 6 and 7 This study This study
1 m3 contains
Total Li (g) 120.56 16.39 40.05 2.90 2.05* 2.64
Total B (g) 226.56 5.77 107.60 7.83 135.04* 0.13
Semail-type lithosphere Total
1-Ma-old plate Total serp* (t/col)
Thickness (km) 0 0.2 1.8 3.6 0
% Li – 16.71 61.52 21.78 – 0.048
% B – 35.81 17.29 46.91 – 0.060
75-Ma-old plate
Thickness (km) 0.3 1.5 0.5 3.6 20 54.1
% Li 11.80 19.60 2.67 3.41 15.95 46.58 0.307
% B 7.52 17.85 0.32 3.12 70.66 0.79 0.904
ODP Leg 209-typ lithosphere
1-Ma-old plate
Thickness (km) 0 0.06 0 0.01 0.13 5.4
% Li – 14.17 – 0.17 1.57 84.09 0.017
% B – 26.03 – 0.32 70.78 2.87 0.025
75-Ma-old plate
Thickness (km) 0.3 0.06 0 0.01 20 59.63
% Li 14.77 0.98 – 0.01 19.96 64.28 0.245
% B 9.45 0.90 – 0.01 88.86 1.09 0.719
DM (harzburgite)
Ol Cpx Opx Spl Total
% Modal 66 3 30 1 100
Li (lg/g) 0.80 2.04 0.69 0.51 0.80
B (lg/g) 0.011 1.035 0.012 0.008 0.042
Unit thickness see Fig. 14; DM (depleted mantle) calculation based on mineral average content from ODP leg 209. *ﬁrst 3 km 80%
serpentinization, rest 20% serpentinization used in the model (Li = 2.39 g and B = 27.11 g); col, column with x km depth and 1 m2 surface; Li
and B content are average data after: (1) Ishikawa and Nakamura (1993); (2) Ryan and Langmuir (1987); (3) Ryan and Langmuir (1993); (4)
Bouman et al. (2004); (5) Thompson and Melson (1970); (6) Chan et al. (2002); (7) Smith et al. (1995).
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and Nicolas, 1985, ODP Leg 209: Bach et al., 
2004) were simplified into six units: sediment, 
altered MORB, MORB, gabbro, serpentinized 
peridotite and depleted mantle (Fig. 2.12 and 
Table 6).
The second parameter, the age of the 
oceanic lithosphere, is important as it 
controls a considerable number of physical 
and chemical features. The total thickness of 
the oceanic lithosphere increases as the plate 
moves away from the ridge. In our model, 
we use plate ages of 1 and 75 Ma; the latter, 
because it corresponds to the average age 
of currently subducted oceanic plates (Li and 
Lee, 2006); the former because there are 
examples of very young oceanic lithosphere 
currently subducted, e.g. the Chile ridge 
(e.g. Tebbens et al., 1997), various oceanic 
basins in the western Pacific (e.g. Heaton and 
Hartzell, 1987), or about to be subducted 
(e.g. Macquarie Island, Sutherland, 1995; 
Lamarche et al., 1997).
Total lithospheric thickness as a function of 
age can be calculated with the GDH1 plate 
model of Stein and Stein (1992, 1996). 
According to this model, an oceanic plate 
has a total thickness of around 5 km after 1 
Ma. In the case of a Semail-type lithosphere, 
this will correspond to the thickness of the 
igneous crust. In the case of an ODP Leg 
209-type lithosphere, there will be 5 km 
of lithospheric mantle with minor volumes 
of igneous crust. After 75 Ma, both types 
of oceanic plates will have acquired a total 
thickness of approximately 80 km (Table 6).
The age of the lithosphere also controls the 
thickness of the sedimentary layer. To simplify 
modeling, we assume that any oceanic 
lithosphere will have no sedimentary cover 
at an age of 1 Ma and a 300-m sedimentary 
cover after 75 Ma (as is the case for the 
Semail ophiolite). We thus model in total 
four cases, an ODP Leg 209-type lithosphere, 
and a Semail-type lithosphere at 1 and 75 
Ma, respectively (Table 6 and, Figs. 2.13 and 
2.14).
The age of the lithosphere controls the 
vertical temperature gradient and hence the 
depth to which alteration by seawater-derived 
fluids plays a role/is possible. For the mantle 
part of the oceanic lithosphere it is important 
to note that the depth of serpentinization 
does not necessarily correspond to the depth 
of B enrichment/Li depletion. The major B 
incorporation in peridotites takes place at low 
temperatures (<300°C, Seyfried and Dibble, 
1980; Spivack and Edmond, 1987). In 
contrast, experiments showed that serpentine 
can be stable up to 650°C at 3 GPa and up 
to 475°C at 1 atm (Ulmer and Trommsdorff, 
1995; Ulmer and Trommsdorff, 1999). For our 
model, we arbitrarily fixed the temperature 
limit of B enrichment/Li depletion at 300°C 
and that of serpentinization at 550°C and 
calculated the depth of both isotherms in 
the four endmember cases (Table 6) using 
the model of Parker and Oldenburg (1973) 
and Stein and Stein (1996). For the sake 
of simplicity, we assume the 300°C also 
represents the limit of alteration in the igneous 
oceanic crust with respect to B and Li.
It is important to know to which degree the 
mantle at temperatures below the 300°C 
isotherm is serpentinized. Experiments on 
water flow through partially serpentinized 
peridotite showed that serpentinization rates 
vary between 10.8 cm2/s at 34°C to 10.4 
cm2/s at 300°C (MacDonald and Fyfe, 1985), 
indicating that in 1 Ma, 1 km of serpentinite 
layer can form at 300°C, 260 m at 200°C, 
and 60 m at 100°C. These results indicate 
that serpentinization is a rather efficient 
process. It could be argued, however, that 
serpentine formation is also controlled by 
water availability and that this limit could be 
at shallower depth than the 300°C isotherm. 
Although the oceans represent a virtually 
infinite reservoir, water can only penetrate 
the oceanic lithosphere through fractures or 
by diffusion. To our knowledge, there are no 
quantitative data on the penetration depth of 
water and the degree of serpentinization in 
off-ridge settings. However, MacDonald and 
Fyfe (1985) have shown that serpentinization 
proceeds by an efficient interplay of water 
diffusion and crack propagation due to 
volume increase during serpentinization. 
We therefore assume in our model that the 
mantle at temperatures below the 300°C 
isotherm is serpentinized. The degree of 
serpentinization is difficult to assess. Escartin 
et al. (2001) showed that serpentinization 
degrees of 35% to 55% are necessary to 
obtain the reduced P-wave velocities of 6.5–
7.5 km/s commonly observed in the oceanic 
lithosphere between normal crust and normal 
mantle. This layer has often been interpreted 
as serpentinized peridotite (e.g. Minshull et 
al., 1998). A wide-angle seismic experiment 
at the Atlantis II Fracture Zone, Southwest 
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Indian Ridge (Muller et al., 1997) shows that 
a 3- to 4-km-thick igneous crust is underlain 
by a 2- to 3-km-thick layer of serpentinized 
mantle peridotite. The P-wave velocity of 6.9 
km/s for the serpentinized peridotite layer 
corresponds to a 35 ± 10 vol% serpentine 
content (Escartin et al., 2001). A compilation 
of velocity structures of the oceanic crust/
mantle in various tectonic settings (Minshull 
et al., 1998) shows that P-wave velocity 
of around 7 km/s, that can eventually be 
attributed to serpentinized mantle, are found 
between 1 and 6 km depth.
Taking all these lines of evidence into 
consideration, we fix the degree of 
serpentinization in our model to 80% (average 
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degree observed in our samples: Tables 1 
and 6) to a depth of 3 km. Below follows a 
much thicker layer where serpentinization 
decreases linearly from 20% to 0% (Fig. 
2.13). Various test calculations, varying the 
thickness of the top layer between 1 and 3 
km, have shown no significant difference.
B and Li input values for the mass balance 
are reported in Table 6. For the B and Li 
contents of the sedimentary layer, the data of 
Ishikawa and Nakamura (1993) were used, 
assuming the sediment to be composed only 
of clay minerals, known to incorporate high 
amounts of Li and B (Wunder et al., 2005; 
Wunder et al., 2006).
2.6.6. Results of mass balance 
calculations
The Li and B budgets are given in kilogram 
per column (kg/col). 1 column corresponds to 
1 m x 1 m at the surface   the thickness of the 
Fig. 2.14. Modeled evolution of the B and Li contents in a ODP Leg 209-type lithosphere as a function 
of the thickness of the serpentinized layer, considering two cases: (I) the total thickness of the 
oceanic lithosphere is fixed to 80 km and (II) the total lithospheric thickness increases with age and 
serpentinization. (A and B) The total amount of Li and B content in a column of x km depth with 1 m2 
surface (x= thickness of the lithosphere). Input values are given in Table 6.
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lithosphere. As the thickness of the oceanic 
lithosphere varies with age, indicating kg/ 
m3 would not be useful. For case 1 (Semail-
type lithosphere at an age of 1 Ma), the 
lithosphere is 5.6 km thick (total thickness 
of igneous crust in the Semail ophiolite), the 
300 and 550°C isotherms are located at 0.2 
and 0.4 km depth, respectively (Table 6). The 
section is made up entirely of igneous crust 
(0.2 km of altered MORB, 1.8 km of MORB, 
3.6 km of gabbro). At these conditions, the 
oceanic lithosphere contains on the average 
48 kg/col Li and 60 kg/col B. Li is essentially 
hosted by MORB (61.5%). The major carriers 
of B are altered MORB (35.8%) and gabbro 
(46.9%). After 75 Ma, the 300 and 550°C 
isotherms are located at 20 and 34 km depth, 
respectively. The section comprises from top 
to bottom: 0.3 km of sediment, 1.5 km of 
altered MORB, 0.5 km of MORB, 3.6 km of 
gabbro, 20 km of serpentinized peridotite 
enriched in B/depleted in Li, and 54.1 km of 
depleted mantle (Table 6). In this situation, 
the oceanic lithosphere contains on the 
average 307 kg/col Li and 904 kg/col B. Li 
resides mainly within the depleted mantle. It 
is hosted to a lesser degree by altered MORB 
(19.6%), serpentinized peridotites (16.0%) 
and sediment (11.8%). B is almost entirely 
hosted by serpentinized peridotite (70.8%).
For case 3 (ODP Leg 209-type lithosphere at 
an age of 1 Ma), the total lithospheric thickness 
is 5.6 km, the 300 and 550°C isotherms are 
located at 0.2 and 0.4 km depth, respectively. 
At these conditions, the section comprises 
from top to bottom: 0.06 km of altered MORB, 
0.01 km of gabbro, 0.13 km of serpentinized 
peridotite enriched in B/depleted in Li, and 
5.4 km of depleted mantle (Table 6). In this 
situation, the oceanic lithosphere contains 
on the average 17 kg/col Li and 25 kg/col B. 
Table 6 shows that the Li budget of a slow 
spreading ridge will be predominantly hosted 
by the depleted mantle (84.1%), whereas B 
resides in serpentinized peridotite (70.8%) 
and in altered MORB (26.0%). After 75 Ma 
(case 4), the 300 and 550°C isotherms will be 
located at 20 and 34 km depth, respectively. 
The oceanic lithosphere will have the same 
thickness of the igneous crust as at 1 Ma (0.06 
km of altered MORB, 0.01 km of gabbro), but 
0.30 km of sediment will have accumulated 
on top. Serpentinized peridotite will have 
increased to 20 km and depleted mantle to 
59.63 km thickness. At these conditions, the 
oceanic lithosphere contains on average 245 
kg/col Li and 719 kg/col B. The Li budget is 
dominated by the depleted mantle (64.3%), 
serpentinized peridotite (20.0%) and less 
by the sedimentary cover (14.8%). The B 
budget is largely controlled by serpentinized 
peridotite (88.9%). The (igneous) crust plays 
virtually no role for the Li and B budget in the 
ODP Leg 209-case. 
2.6.7. Temporal evolution of the B and 
Li budget within the upper 40 km of the 
oceanic lithosphere—implications for 
subduction zones
From the mass balance calculations presented 
in the previous section, it is apparent that 
with increasing age of the lithosphere, the 
role of the depleted mantle as a reservoir 
for B and Li becomes increasingly important. 
In the context of B and Li recycling at 
subduction zones it can be argued that not 
the entire mantle volume dehydrates and 
liberates B and Li. For this setting, it may be 
more appropriate to consider only the B and 
Li budget of the upper part of the oceanic 
lithosphere (the ‘dehydratable’ part).
Moreover, there is evidence that additional 
serpentinization occurs due to fracturing 
during plate bending (e.g. Ranero et al., 
2003; Ranero and Sallarès, 2004; Li and Lee, 
2006), and may proceed to depth greater 
than 20 km (depth of the 300°C isotherm in a 
75-Ma-old plate) because of lower geothermal 
gradients and better water availability. By 
modeling seismic velocities of bending-related 
extensional faulting, Ranero and Sallarès 
(2004) predict a 20-km-thick mantle layer 
serpentinized to 17% for the Nazca plate at 
the North Chile trench. Based on geochemical 
data and modeling, Li and Lee (2006) 
estimate the paleo-serpentinization depth 
of the Feather River Ophiolite (subduction 
context) to be around 40 km.
In order to better account for this geodynamic 
context, we modeled the evolution of the B 
and Li budget only in the upper 40 km of the 
oceanic lithosphere, using the same input 
parameters as for our previous model, and 
applying it to two ‘endmembers’: a Semail-
type lithosphere (Fig. 2.13) and an ODP Leg 
209-type lithosphere (Fig. 2.14). In model 
cases I (Figs. 2.13.Ia, b and 2.14.Ia, b) we 
assume that the oceanic lithosphere has a 
constant thickness of 80 km, with the mantle 
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part becoming increasingly serpentinized at 
conditions below 300°C. This implies that 
initially, there are almost 80 km of depleted 
mantle, which are successively replaced by 
peridotites serpentinized at temperatures 
below 300°C. In model cases II (Figs. 2.13.
IIa, b, and 2.14.IIa, b) we assume that the 
lithospheric thickness increases by adding 
peridotite serpentinized at temperatures 
below 300°C. This implies that there is no 
depleted mantle.
For boron, running the two models for the 
two endmembers provides similar results in 
all cases (Figs. 2.13.Ib, IIb and 2.14.Ib, IIb). 
Independent of the lithology of the oceanic 
plate, the B budget will be almost entirely 
controlled by serpentinized peridotite. Even 
in Semail-type lithosphere with a 5.6-km-
thick igneous crust, a 3-km-thick section of 
serpentinized peridotite will be sufficient to 
host approximately 40% of the lithospheric 
B budget. These results suggest that large 
quantities of B reside in the uppermost part of 
the plate and could hence be easily liberated 
during slab dehydration.
For lithium, running the two models shows 
that the lithology of the oceanic plate 
controls the partitioning and availability of 
this element (Figs. 2.13.Ia, IIa and 2.14.
Ia, IIa). In oceanic lithosphere containing 
a considerable fraction of depleted mantle 
(40%–50%), the Li budget is dominated 
by the latter (Figs. 2.13.Ia and 2.14.Ia). In 
oceanic lithosphere where depleted mantle is 
absent, Li is essentially hosted in sediments 
and in MORB (Figs. 2.13.Ib and 2.14.Ib).
All of the figures related to Li show that 
serpentinized peridotites only becomes 
important for the Li budget once its thickness 
exceeds 20–25 km. These results suggest that 
the most prominent input of Li into subduction 
zones is to be expected from Semail-type 
lithosphere with a significant crustal section 
and a depleted mantle section, because 
in this situation most of the Li is stored at 
shallow levels in the plate. Subducting an 
ODP Leg 209-type lithosphere and assuming 
that most of the Li is liberated from the upper 
part of the plate would mean only very little 
Li output from the slab.
2.7. Summary and Conclusions
The results of our study of serpentinized 
peridotites from the mid-Atlantic ridge 
show that the B, Li and Be contents of the 
mantle minerals olivine, orthopyroxene and 
clinopyroxene remain unchanged during 
serpentinization and still reflect older processes 
such as melt infiltration. As serpentine has 
high B and fairly low Li contents, the process 
of serpentinization increases the B (and H2O 
and Cl) and lowers the Li contents of the 
whole rock. These findings are in line with the 
composition of hydrothermal fluids sampled 
from the ocean floor, which are enriched in Li 
and depleted in B after percolation through 
ultramafic rocks.
The results of our mass balance calculations 
show that the Li contents of the oceanic 
lithosphere are highly variable and controlled 
by primary lithology whereas the B contents 
depend entirely on serpentinization. In all 
cases, large quantities of B reside in the 
uppermost part of the plate and could hence 
be easily liberated during slab dehydration. 
Late-stage serpentinization during slab 
bending will probably further increase the 
B content in the downgoing slab. The most 
prominent input of Li into subduction zones is 
to be expected from Semail-type lithosphere 
whereas subducting an ODP Leg 209-type 
lithosphere would be a far less efficient 
mechanism. Serpentinized mantle thus plays 
an important role in B recycling in subduction 
zones, but it is of lesser importance for Li.
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LiBeB - ODP Leg 209
sample Site 
1272A Min
Li
ug/g
sigma
Li
Be
g/g
sigma
Be
B
ug/g
sigma
B
sample  Site
1274A Min
Li
ug/g
sigma
Li
Be
g/g
sigma
Be
B
ug/g
sigma
B
Olivine Olivine
ODP29C1ol1 ol 0.980 5.1% b.d.l. - 0.003 86% odp32oli-1 ol 0.860 3.4% b.d.l. - 0.003 81.7%
ODP29C1ol1 ol 0.904 5.4% b.d.l. - 0.005 98% odp32oli-2 ol 0.836 5.1% b.d.l. - 0.005 73.8%
ODP29C1ol2 ol 0.903 6.1% b.d.l. - 0.004 136% ODP34oli1 ol 0.708 4.5% b.d.l. - 0.011 60.2%
ODP29C5olp3a ol 0.754 5.3% b.d.l. - 0.003 116% ODP34oli2 ol 0.814 4.7% b.d.l. - 0.008 59.2%
ODP29C5olp3 ol 0.602 6.6% b.d.l. - 0.003 105% ODP34oli3 ol 1.147 3.7% b.d.l. - 0.020 55.0%
ODP26C3ol2 ol 0.667 7.7% b.d.l. - 0.004 116% ODP34oli4 ol 0.986 3.0% b.d.l. - 0.079 22.5%
ODP26C3ol3 ol 0.677 11.3% b.d.l. - 0.007 122% odp38ol-1 ol 0.852 5.0% b.d.l. - 0.009 51.4%
ODP26C3ol1 ol 0.699 8.9% b.d.l. - 0.025 58% odp38ol-2 ol 0.921 3.7% 0.001 101.8% 0.012 60.7%
ODP28C1ol1 ol 0.525 10.5% b.d.l. - 0.004 116% odp38ol-3 ol 0.852 3.7% b.d.l. - 0.016 36.6%
ODP28C3ol3 ol 0.606 6.7% 0.003 210.8% 0.010 112% odp38ol-4 ol 1.018 3.5% b.d.l. - 0.015 49.0%
ODP28C3ol1 ol 0.545 7.4% b.d.l. - 0.006 82% odp38ol-5 ol 1.040 4.5% 0.001 101.9% 0.010 63.6%
ODP28C5ol2 ol 0.454 8.1% b.d.l. - b.d.l. - odp42oli-1 ol 1.299 3.1% b.d.l. - b.d.l. -
ODP28C5ol1 ol 0.546 6.6% b.d.l. - 0.005 97% odp42oli-2 ol 1.168 3.4% b.d.l. - b.d.l. -
Odp6C2ol1 ol 1.039 3.5% b.d.l. - 0.009 108% odp42oli-3 ol 0.948 3.9% b.d.l. - 0.005 70.0%
Odp6C2osp1 ol 0.924 5.2% b.d.l. - 0.015 70% odp42oli-4 ol 1.044 2.1% 0.001 110.7% 0.007 60.0%
ODP2c6ol1 ol 0.498 11.1% b.d.l. - 0.022 74% odp42oli-5 ol 8.291 1.1% 0.010 29.6% 0.545 6.7%
ODP2sol1 C1 ol 0.892 6.0% b.d.l. - 0.026 69% odp48oli-1 ol 0.808 3.9% b.d.l. - 0.003 88.8%
ODP2sol3 C1 ol 0.824 6.4% b.d.l. - 0.027 67% odp48oli-2 ol 0.937 2.5% 0.001 152.3% 0.041 37.6%
odp48oli-3 ol 0.987 2.5% 0.001 153.1% b.d.l. -
Orthopyroxene odp48oli-4 ol 0.864 2.9% b.d.l. - 0.017 40.4%
ODP22C4op2 opx 0.669 5.2% b.d.l. - 0.019 43% ODP52ol1 ol 0.879 3.8% 0.001 126.5% 0.002 126.5%
ODP22C3opp1-1 opx 0.718 9.7% b.d.l. - 0.004 164% ODP52ol2 ol 0.887 6.0% 0.001 77.5% 0.019 44.1%
ODP22C3opp1-2 opx 0.691 19.5% 0.001 129.1% 0.007 159% ODP52ol3 ol 1.043 4.8% 0.001 189.7% 0.013 31.7%
ODP22C3opp1-3 opx 0.564 10.2% b.d.l. - 0.006 162% ODP52olb1 ol 0.756 4.5% b.d.l. - 0.010 48.4%
ODP22C3opp1-4 opx 0.796 46.7% 0.002 206.5% 0.006 136% ODP52olb2 ol 0.884 3.5% 0.001 104.4% 0.016 57.7%
ODP22C3opp1-5 opx 0.542 8.7% b.d.l. - 0.004 79%
ODP22C3opp1-6 opx 0.785 20.7% b.d.l. - 0.005 95% Orthopyroxene
ODP22C3oppr1a opx 0.693 3.4% b.d.l. - 0.008 107% ODP52opxb1 opx 0.638 4.6% 0.004 50.0% 0.017 45.2%
ODP22C3oppr1b opx 0.756 5.2% b.d.l. - 0.029 17% ODP52opxb2 opx 0.609 3.5% 0.004 43.2% 0.077 25.4%
ODP22C3oppr1c opx 0.728 4.3% b.d.l. - 0.003 96% ODP52opxb3 opx 0.647 4.4% 0.003 51.9% 0.011 43.4%
ODP22C3oppr1d opx 0.813 2.6% b.d.l. - 0.003 116% ODP52opxb4 opx 0.605 5.9% 0.004 46.8% 0.034 20.9%
ODP22C3oppr1e opx 0.775 4.0% b.d.l. - 0.020 59% ODP52opxc1 opx 0.682 5.2% 0.003 38.2% 0.015 56.7%
ODP22C3oppr1f opx 0.784 5.0% b.d.l. - 0.000 316% ODP52opxc2 opx 0.744 3.1% 0.003 45.6% 0.014 39.4%
ODP22C3op21 opx 0.645 4.8% b.d.l. - 0.003 118% ODP52opxc3 opx 0.727 5.6% 0.003 47.4% 0.016 41.4%
ODP22C3op14 opx 0.782 5.3% 0.004 161.0% b.d.l. - ODP52opxc4 opx 0.711 3.8% 0.002 77.9% 0.012 42.1%
ODP29C2op2 opx 0.656 7.9% b.d.l. - b.d.l. - ODP34opxb1 opx 0.596 2.3% b.d.l. - 0.009 40.0%
ODP29C2opp1-1 opx 0.707 6.3% b.d.l. - 0.005 90% ODP34opxb2 opx 0.482 6.5% 0.001 105.5% 0.014 53.3%
ODP29C2opp1-2 opx 0.792 4.5% b.d.l. - 0.003 105% ODP34opxb3 opx 0.607 6.0% 0.001 96.6% 0.053 23.3%
ODP29C2opp1-3 opx 0.850 5.3% b.d.l. - b.d.l. - ODP34opxb4 opx 0.576 5.1% b.d.l. - 0.006 57.9%
ODP29C1op3 opx 0.946 4.8% b.d.l. - b.d.l. - ODP34opxc1 opx 0.672 5.8% b.d.l. - 0.005 90.2%
ODP29C5op1 opx 0.763 4.7% 0.001 97.8% 0.017 72% ODP34opxc2 opx 0.680 3.7% b.d.l. - 0.010 56.3%
ODP29C1opp3-1 opx 0.974 3.8% b.d.l. - 0.005 82% ODP34opxc3 opx 0.648 4.4% b.d.l. - 0.007 47.2%
ODP29C1opp3-2 opx 0.919 4.7% b.d.l. - 0.005 116% ODP34opxc4 opx 0.614 4.5% b.d.l. - 0.008 58.7%
ODP29C1opp3-3 opx 0.933 6.8% b.d.l. - b.d.l. - odp38opx-1 opx 0.828 3.0% 0.001 89.9% 0.009 64.4%
ODP29C1opp3-4 opx 0.914 4.7% b.d.l. - 0.003 142% odp38opx-2 opx 0.712 2.8% 0.001 142.1% 0.013 46.4%
ODP26C4op3 opx 0.620 7.8% b.d.l. - 0.006 62% odp38opx-3 opx 0.682 5.5% b.d.l. - 0.005 74.3%
ODP26C4op2 opx 0.955 3.0% b.d.l. - 0.013 87% odp38opx-4 opx 0.618 5.9% b.d.l. - 0.005 85.0%
ODP26C4op1 opx 0.800 9.0% b.d.l. - 0.004 159% odp42opx-1 opx 0.791 3.0% b.d.l. - 0.004 72.7%
ODP26C3op3 opx 0.716 4.9% b.d.l. - 0.004 117% odp42opx-2 opx 0.744 3.8% b.d.l. - b.d.l. -
ODP26C3op2 opx 0.803 8.6% b.d.l. - 0.005 118% odp48opx-1 opx 0.479 3.5% b.d.l. - b.d.l. -
ODP26C3op1 opx 0.831 6.4% b.d.l. - 0.007 79% odp48opx-2 opx 0.517 4.9% b.d.l. - 0.004 77.1%
ODP28C2oppr3 opx 0.605 8.1% b.d.l. - 0.008 103% odp48opx-3 opx 0.385 4.2% b.d.l. - 0.006 41.5%
ODP28C2op3 opx 0.534 7.6% b.d.l. - 0.005 98% odp48opx-4 opx 0.473 3.8% b.d.l. - 0.007 66.5%
ODP28C2op2 opx 0.681 6.3% b.d.l. - 0.009 97% odp32opxI-1 opx 0.610 3.4% 0.001 101.8% 0.006 61.2%
ODP28C2op6 opx 0.613 4.2% b.d.l. - 0.005 152% odp32opxI-2 opx 0.754 3.9% b.d.l. - 0.004 74.0%
ODP28C1op1 opx 0.000 6.6% b.d.l. - b.d.l. - odp32opxI-3 opx 0.639 4.2% b.d.l. - b.d.l. -
ODP28C1op3 opx 1.001 4.1% b.d.l. - 0.158 13%
Clinopyroxene
Clinopyroxene odp32cpxI-1 cpx 1.559 3.3% b.d.l. - 0.046 19.2%
ODP29C5CP1 cpx 2.051 6.6% b.d.l. - 20.80 8% odp32cpxI-2 cpx 1.420 4.7% b.d.l. - 0.100 15.5%
ODP29C2cp4 cpx 5.413 4.3% b.d.l. - 0.928 14% odp32cpxII-1 cpx 2.877 1.9% 0.001 122.3% 0.015 46.8%
ODP29C2cp5 cpx 4.392 4.5% b.d.l. - 2.394 8% odp32cpxII-2 cpx 2.517 1.8% 0.001 142.3% 0.029 22.4%
ODP29C2cp1 cpx 2.685 1.6% b.d.l. - 0.740 9% ODP34cpxc1 cpx 2.801 2.9% 0.001 115.8% 0.013 43.9%
ODP28C2cp2 cpx 1.561 4.3% b.d.l. - 0.007 129% ODP34cpxc2 cpx 1.504 3.2% 0.001 135.8% 0.022 45.5%
ODP28C1cp5 cpx 2.141 4.6% b.d.l. - 0.038 39% ODP34cpxc3 cpx 0.447 5.4% 0.001 77.5% 0.009 59.9%
ODP34cpxc4 cpx 1.309 5.0% 0.001 96.6% 0.044 29.3%
odp38cpx-3 cpx 1.504 3.4% b.d.l. - 0.018 50.3%
odp38cpx-4 cpx 4.601 12.1% 0.001 133.3% 0.062 29.7%
odp38cpx-5 cpx 1.663 3.2% 0.001 66.7% 0.014 43.2%
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sample Site 
1272A Min
Li
ug/g
sigma
Li
Be
g/g
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Be
B
ug/g
sigma
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1274A Min
Li
ug/g
sigma
Li
Be
g/g
sigma
Be
B
ug/g
sigma
B
Serpentine minerals Clinopyroxene
ODP22C3sr15 serp 0.006 57.0% b.d.l. - 66.7 0.72% odp38cpx-1 cpx 1.558 3.4% 0.001 101.8% 0.032 39.3%
ODP22C3sr3 serp 0.141 19.8% b.d.l. - 117.5 0.67% odp38cpx-2 cpx 1.695 2.5% 0.001 142.8% 0.810 7.5%
ODP22C3sr1 serp 0.324 4.0% b.d.l. - 107.5 2.19% odp38cpx-6 cpx 1.573 3.6% b.d.l. - 0.052 18.7%
ODP22C4sr4 serp 0.121 12.7% b.d.l. - 104.0 2.66% odp42cpx-1 cpx 1.616 2.6% 0.030 14.2% 0.029 40.8%
ODP22C4sr6 serp 0.724 6.3% b.d.l. - 126.9 3.02% odp42cpx-2 cpx 1.464 3.2% 0.002 36.0% 0.037 20.9%
ODP22C3sr1 serp 0.014 6.3% b.d.l. - 29.1 3.56% odp42cpx-3 cpx 2.179 2.6% 0.113 8.1% 0.221 15.1%
ODP22C3sr4 serp 0.018 47.9% b.d.l. - 31.6 2.42% odp42cpx-4 cpx 2.021 2.6% 0.067 10.8% 0.124 26.5%
ODP22C3sr5 serp 0.056 14.7% b.d.l. - 60.1 3.24% odp42cpx-5 cpx 2.812 2.1% 0.017 24.2% 0.139 18.9%
ODP29C5sr3 serp 0.051 20.3% b.d.l. - 65.2 4.24% odp48cpx-1 cpx 1.609 11.8% b.d.l. - 0.015 37.6%
ODP29C5sr5 serp 0.191 8.9% b.d.l. - 72.1 1.88% odp48cpx-2 cpx 1.485 3.1% b.d.l. - 0.041 20.9%
ODP29C5sr7 serp 0.018 44.3% b.d.l. - 77.6 3.68% odp48cpx-3 cpx 1.263 2.9% b.d.l. - 0.007 66.6%
ODP29C1sr1 serp 0.437 7.4% b.d.l. - 102.7 0.78% odp48cpx-4 cpx 1.290 2.0% 0.001 54.4% 1.878 2.7%
ODP29C1sr2 serp 0.119 15.9% b.d.l. - 68.0 1.65% ODP52cpx1 cpx 1.367 3.5% 0.007 39.6% 0.026 25.0%
ODP29C1sr3 serp 0.307 8.3% b.d.l. - 129.2 0.50% ODP52cpx2 cpx 1.579 4.7% 0.008 26.3% 4.417 3.5%
ODP29C4sr2 serp 0.536 5.8% b.d.l. - 136.3 2.41% ODP52cpx3 cpx 1.511 4.1% 0.005 37.9% 0.014 56.8%
ODP29C2sr5 serp 4.650 3.7% b.d.l. - 114.1 1.04%
ODP29C4sr4 serp 0.284 8.8% b.d.l. - 88.1 1.13% Serpentine minerals
ODP26C4sr3 serp 2.091 36.6% b.d.l. - 112.4 3.02% odp32ba-1 serp 0.137 6.3% 0.001 269.2% 8.51 7.1%
ODP26C4sr2 serp 0.142 8.6% b.d.l. - 77.1 3.67% odp32ba-1 serp 0.137 4.0% 0.001 170.3% 8.51 4.5%
ODP26C1sr3 serp 0.015 45.2% b.d.l. - 61.8 4.61% odp32ba-2 serp 0.587 2.8% 0.001 123.1% 9.53 2.8%
ODP26C1sr7 serp 0.102 19.8% 0.005 68.7% 21.9 2.26% odp32chry-1 serp 0.181 7.7% b.d.l. - 0.81 2.0%
ODP26C1sr11 serp 0.007 89.5% b.d.l. - 19.9 4.87% odp32chry-2 serp 0.368 7.9% 0.001 89.4% 15.54 1.5%
ODP26C1sr10 serp 0.026 30.9% b.d.l. - 54.7 1.65% odp32sercp-2 serp 8.232 5.6% 0.001 133.3% 10.54 6.6%
ODP26C3sr2 serp 0.443 4.5% 0.001 118% 58.1 4.99% odp32serol-1 serp 0.121 7.1% b.d.l. - 2.85 19.6%
ODP26C3sr1 serp 0.696 8.6% 0.001 116% 86.4 1.54% odp32serol-2 serp 0.095 8.9% b.d.l. - 0.44 26.9%
ODP26C3sr9 serp 0.018 47.3% b.d.l. - 28.6 2.98% ODP34ba1 serp 3.953 2.6% b.d.l. - 26.61 1.0%
ODP26C3sr3 serp 0.013 49.0% 0.001 129% 58.9 1.91% ODP34ba2 serp 2.859 2.4% 0.001 96.6% 63.05 0.6%
ODP26C1sr5 serp 6.593 99.7% 0.273 316% 166.0 39% ODP34ba3 serp 9.377 1.7% b.d.l. - 58.10 1.4%
ODP26C1sr6 serp 3.787 97.7% 0.749 217% 200.0 35% ODP34chry1 serp 0.275 5.9% 0.001 189.7% 25.64 1.3%
ODP28C2sr1 serp 0.304 12.0% b.d.l. - 17.8 3.37% ODP34chry2 serp 0.293 6.1% b.d.l. - 20.08 1.8%
ODP28C2sr17 serp 0.802 5.6% b.d.l. - 84.8 2.25% ODP34chry3 serp 0.307 5.8% 0.002 84.3% 45.24 1.3%
ODP28C2sr16 serp 1.013 6.2% 0.001 117% 67.5 1.10% ODP34sem1 serp 0.076 12.4% 0.001 144.5% 13.60 2.4%
ODP28C2sr15 serp 2.089 1.4% b.d.l. - 71.4 3.27% ODP34sem2 serp 0.048 23.2% b.d.l. - 22.38 1.7%
ODP28C2sr20 serp 1.026 3.2% b.d.l. - 103.5 1.55% ODP34seo1 serp 0.852 2.7% b.d.l. - 71.89 0.8%
ODP28C2sr5 serp 0.899 3.8% b.d.l. - 90.6 3.13% ODP34seo2 serp 0.781 3.3% 0.001 96.6% 83.02 1.5%
ODP28C2sr4 serp 0.642 7.0% b.d.l. - 65.4 1.04% ODP34seo3 serp 0.035 27.3% b.d.l. - 19.21 2.4%
ODP28C1sr1 serp 0.013 49.0% b.d.l. - 28.6 4.76% odp38ba-1 serp 0.666 4.1% 0.001 152.8% 26.39 1.7%
ODP28C1sr8 serp 1.796 3.2% b.d.l. - 138.2 2.29% odp38ba-2 serp 0.717 5.4% b.d.l. - 23.22 1.0%
ODP28C1sr3 serp 0.429 8.8% b.d.l. - 177.7 2.30% odp38ba-3 serp 0.194 11.9% b.d.l. - 21.64 0.8%
ODP28C1sr11 serp 1.676 3.9% b.d.l. - 113.4 3.57% odp38ba-4 serp 2.427 3.4% b.d.l. - 30.96 1.3%
ODP28C3sr2 serp 0.401 6.4% b.d.l. - 40.3 4.22% odp38ba-5 serp 1.231 4.0% b.d.l. - 40.58 1.3%
ODP28C3sr3 serp 0.537 6.5% b.d.l. - 53.0 6.49% odp38chry-1 serp 0.473 3.8% 0.002 81.7% 5.52 2.6%
ODP28C3sr6 serp 0.948 6.2% b.d.l. - 94.1 1.07% odp38chry-2 serp 0.359 6.8% 0.001 106.8% 5.27 2.4%
ODP28C5sr1 serp 0.014 66.7% 0.001 134% 24.0 1.82% odp38chry-3 serp 0.403 7.9% 0.004 46.8% 7.69 2.7%
Odp6C1sr4 serp 0.009 44.8% b.d.l. - 38.9 2.91% odp38chry-4 serp 0.193 8.9% 0.001 89.0% 9.43 1.3%
Odp6C2sr1 serp 2.113 2.2% b.d.l. - 85.1 1.54% odp38chry-5 serp 0.322 5.7% 0.002 72.8% 3.50 4.0%
Odp6C5sr2 serp 0.705 14.8% b.d.l. - 66.1 3.83% odp38ser-1 serp 0.083 7.9% b.d.l. - 10.91 1.5%
Odp6C5sr3 serp 0.602 9.8% b.d.l. - 63.0 5.82% odp38ser-2 serp 0.150 6.2% 0.001 73.5% 14.53 1.7%
Odp6C2sr13 serp 0.009 54.8% b.d.l. - 42.6 4.58% odp38ser-3 serp 0.103 11.7% 0.001 101.8% 11.65 1.1%
Odp6C2sr5 serp 0.005 76.3% b.d.l. - 34.4 3.81% odp38ser-4 serp 0.122 6.7% b.d.l. - 3.81 3.9%
Odp6C5sr4 serp 0.043 15.9% b.d.l. - 25.0 2.64% odp38ser-5 serp 0.104 8.2% b.d.l. - 9.09 2.7%
Odp6C5sr8 serp 0.190 10.5% b.d.l. - 21.0 1.61% odp42ba-1 serp 2.979 3.0% 0.010 27.6% 2.17 8.4%
Odp6C5sr9 serp 0.202 9.7% b.d.l. - 19.6 1.49% odp42ba-2 serp 4.090 13.7% 0.017 35.9% 16.01 6.0%
Odp6C1sr1 serp 0.028 26.5% b.d.l. - 37.6 3.41% odp42ba-3 serp 0.902 2.7% 0.016 18.8% 1.46 7.3%
Odp6C1sr5 serp 0.211 16.2% b.d.l. - 74.1 4.46% odp42ba-4 serp 4.635 3.1% 0.016 21.6% 2.01 8.3%
Odp6C1sr6 serp 0.068 16.1% b.d.l. - 33.5 1.61% odp42chry-1 serp 0.109 8.5% 0.001 61.2% 4.04 2.7%
Odp6C2sr15 serp 0.010 69.8% b.d.l. - 32.8 4.36% odp42chry-2 serp 0.130 13.4% 0.001 136.9% 2.82 2.3%
Odp6C2sr3 serp 0.008 48.8% b.d.l. - 45.2 1.23% odp42se-1 serp 0.047 8.9% 0.002 42.5% 4.28 4.7%
Odp6C3sr4 serp 0.002 98.7% b.d.l. - 31.6 1.76% odp42se-2 serp 0.156 13.3% 0.006 39.3% 4.82 6.1%
Odp6C3sr4b serp 0.097 35.6% 0.001 152% 66.6 0.89% odp42ser-3 serp 0.258 3.6% 0.004 27.3% 1.46 16.3%
Odp6C1sr12 serp 0.005 83.3% b.d.l. - 59.1 1.55% odp42ser-4 serp 0.202 7.7% 0.003 37.8% 0.09 19.7%
Odp6C1sr10 serp 0.007 60.7% b.d.l. - 48.6 1.73% odp42ser-5 serp 0.907 2.8% 0.018 19.2% 1.30 20.3%
Odp6C1sr9 serp 0.006 56.0% b.d.l. - 73.1 1.69% odp48ba-1 serp 2.076 12.4% 0.001 89.2% 63.04 6.0%
Odp6C2sr10 serp 0.056 19.8% b.d.l. - 82.1 1.00% odp48ba-2 serp 3.986 3.2% b.d.l. - 72.38 0.9%
Odp6C2sr8 serp 0.089 31.2% b.d.l. - 50.1 6.36% odp48chry-1 serp 0.137 11.0% 0.001 200.0% 24.10 3.8%
Odp6C2sr7 serp 0.005 84.8% b.d.l. - 40.1 2.23% odp48chry-2 serp 0.167 18.1% 0.001 97.6% 28.88 2.5%
Odp7C9sr4 serp 0.117 13.7% b.d.l. - 48.7 1.14% odp48ser-1 serp 0.077 13.6% b.d.l. - 9.96 1.5%
Odp7C9s2 serp 0.124 8.6% b.d.l. - 43.5 1.65% odp48ser-2 serp 0.069 11.5% b.d.l. - 5.19 3.1%
Odp7C9sr5 serp 0.133 12.8% b.d.l. - 43.5 2.09% odp48sercp-1 serp 0.486 3.9% 0.002 88.7% 67.94 0.5%
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Odp7C9sr6 serp 0.599 5.2% b.d.l. - 50.5 3.46% odp48sercp-2 serp 0.431 6.1% 0.001 66.7% 55.57 1.0%
Odp7C9sr7 serp 0.023 34.5% b.d.l. - 18.5 3.13% odp48serv-1 serp 0.644 3.4% 0.001 96.6% 19.92 1.3%
Odp7C9sr1 serp 0.003 52.8% b.d.l. - 50.1 1.81% odp48serv-2 serp 0.638 3.6% 0.002 82.3% 14.02 1.7%
Odp7C9sr8 serp 0.450 5.8% b.d.l. - 38.4 1.43% odp49ba-1 serp 0.194 6.5% b.d.l. - 50.21 0.8%
Odp7C9sr12 serp 0.436 6.0% b.d.l. - 45.2 1.58% odp49ba-2 serp 0.192 8.1% b.d.l. - 57.16 1.3%
Odp7C1sr11 serp 0.090 18.8% b.d.l. - 37.7 2.23% odp49chry-1 serp 0.082 8.4% b.d.l. - 22.41 3.5%
Odp7C1sr14 serp 0.017 29.6% b.d.l. - 24.1 2.17% odp49chry-2 serp 0.077 9.9% 0.002 90.9% 19.33 7.4%
Odp7C1sr3 serp 0.053 14.4% b.d.l. - 87.7 2.07% odp49se-1 serp 0.112 13.4% 0.001 133.5% 55.53 1.4%
Odp7C1sr1 serp 0.532 5.4% b.d.l. - 80.2 1.65% odp49se-2 serp 0.071 12.4% 0.001 104.5% 49.18 3.4%
Odp7C1sr8 serp 0.044 27.4% b.d.l. - 80.1 4.78% odp49serc-1 serp 0.122 8.5% 0.001 81.7% 16.45 2.2%
Odp7C1sr7 serp 1.772 10.6% b.d.l. - 79.7 1.79% odp49serc-2 serp 0.115 10.6% 0.002 119.8% 13.71 2.1%
Odp7C5sr3 serp 0.160 11.9% b.d.l. - 19.1 1.06% odp49sercp-1 serp 0.500 12.8% 0.001 73.6% 19.50 1.5%
Odp7C5sr4 serp 0.142 23.1% b.d.l. - 23.7 2.20% odp49sercp-2 serp 0.359 4.8% 0.001 110.7% 67.69 3.2%
Odp7C5sr6 serp 0.065 17.7% b.d.l. - 71.5 2.41% odp49sero-1 serp 0.067 9.8% 0.003 69.0% 58.15 1.1%
Odp7C5sr2 serp 0.365 10.7% b.d.l. - 76.1 2.79% odp49sero-2 serp 0.053 10.4% b.d.l. - 64.59 0.5%
Odp7C5sr11 serp 0.108 12.5% b.d.l. - 14.8 1.96% odp49sero-3 serp 0.032 14.3% 0.001 74.4% 32.82 2.0%
Odp7C5sr8 serp 0.010 75.4% b.d.l. - 24.3 6.21% odp49sero-4 serp 0.031 15.5% 0.001 129.1% 28.78 3.2%
Odp7C3sr8 serp 0.218 10.3% b.d.l. - 84.6 2.56% ODP52ba1 serp 1.405 15.2% 0.004 37.3% 102.42 2.1%
Odp7C3sr6 serp 0.029 23.8% b.d.l. - 31.3 1.49% ODP52ba2 serp 0.178 13.9% 0.002 58.4% 77.55 4.7%
Odp7C3sr1 serp 0.219 12.4% b.d.l. - 80.5 2.87% ODP52ba3 serp 0.425 4.2% 0.006 37.6% 69.57 0.9%
Odp7C3sr4 serp 0.107 8.3% b.d.l. - 37.0 1.70% ODP52chry1 serp 0.095 10.8% b.d.l. - 34.36 0.8%
Odp7C3sr11 serp 0.029 18.7% b.d.l. - 28.0 3.73% ODP52chry2 serp 0.068 10.5% 0.001 96.6% 26.04 0.5%
Odp7C9sr9 serp 0.073 18.1% b.d.l. - 36.7 1.67% ODP52chry3 serp 0.121 10.4% b.d.l. - 38.16 0.8%
Odp7C9sr10 serp 0.053 20.6% b.d.l. - 39.3 1.40% ODP52chry4 serp 0.067 18.7% b.d.l. - 26.25 1.0%
Odp11C5sr6 serp 0.497 8.0% b.d.l. - 33.8 5.37% ODP52seol1 serp 0.499 7.7% b.d.l. - 94.19 0.6%
Odp11C5sr8 serp 0.032 27.1% b.d.l. - 14.7 5.78% ODP52seol2 serp 0.593 2.7% 0.001 105.1% 97.19 1.0%
Odp11C5sr9 serp 0.030 23.1% b.d.l. - 12.9 2.62% ODP52seol3 serp 0.043 18.9% 0.001 126.5% 24.54 1.7%
Odp11C5sr11 serp 0.068 16.5% b.d.l. - 37.9 3.48% ODP52seol4 serp 0.030 12.5% 0.001 77.5% 27.31 1.2%
Odp11C4sr10 serp 0.189 8.5% b.d.l. - 47.2 2.56% ODP52seol5 serp 0.067 14.5% b.d.l. - 40.59 1.0%
Odp11C4sr4 serp 0.178 11.9% b.d.l. - 29.6 1.80% ODP52sev1 serp 0.138 10.3% b.d.l. - 35.93 0.6%
Odp11C4sr3 serp 0.176 13.3% b.d.l. - 28.6 5.06% ODP52sev2 serp 0.087 9.9% b.d.l. - 24.45 0.9%
Odp11C4sr8 serp 0.039 20.6% b.d.l. - 48.9 3.97% ODP52sev3 serp 0.130 9.9% b.d.l. - 33.92 1.0%
Odp11C3sr1 serp 0.021 20.0% b.d.l. - 36.6 3.22% ODP52sev4 serp 0.132 12.4% 0.001 105.1% 40.39 1.2%
Odp11C3sr4 serp 0.070 10.5% b.d.l. - 43.2 6.61%
Odp11C3sr6 serp 0.645 6.6% b.d.l. - 75.7 3.62%
Odp11C3sr5 serp 0.949 9.0% b.d.l. - 72.1 3.56%
Odp11C3sr7 serp 0.015 48.5% b.d.l. - 26.0 1.99%
Odp11C3sr7 serp 0.030 16.4% b.d.l. - 74.4 3.52%
Odp11C2sr4 serp 0.646 4.7% b.d.l. - 66.5 4.53%
Odp11C2sr5 serp 0.193 12.6% b.d.l. - 52.8 3.69%
Odp11C4sr2 serp 0.477 14.6% 0.002 316% 47.5 6.79%
Odp11C4sr15 serp 0.480 18.2% 0.005 161% 34.4 5.07%
Odp11C4sr11 serp 0.117 46.1% 0.005 129% 48.5 4.44%
ODp2C5sr10 serp 0.108 16.7% b.d.l. - 68.8 3.26%
ODP2c1sr14 serp 1.193 4.6% b.d.l. - 55.9 2.56%
ODP2c1sr15 serp 0.003 93.7% b.d.l. - 37.2 2.18%
ODP2c1sr16 serp 0.006 78.8% b.d.l. - 30.7 1.77%
ODP2C1sr4 serp 0.073 22.2% b.d.l. - 61.5 2.31%
ODp2C2sr1 serp 0.052 27.4% b.d.l. - 36.0 2.40%
ODp2C2sr10 serp 0.030 27.4% b.d.l. - 37.1 2.06%
ODp2C2sr12 serp 0.100 14.6% b.d.l. - 47.7 2.34%
ODp2C2sr20 serp 0.016 47.1% b.d.l. - 40.3 2.06%
ODp2C2sr20 serp 0.016 47.1% b.d.l. - 40.3 2.06%
ODp2C2sr22 serp 0.150 12.3% b.d.l. - 70.9 4.46%
ODp2C2sr29 serp 0.295 8.9% b.d.l. - 67.9 1.14%
ODp2C2sr31 serp 0.393 10.7% b.d.l. - 72.4 4.71%
ODp2C2sr34 serp 0.829 6.5% b.d.l. - 45.9 5.44%
ODp2C2sr4 serp 0.969 17.6% 0.002 109% 88.6 1.80%
ODp2C3sr1 serp 0.009 45.3% b.d.l. - 64.1 1.74%
ODp2C3sr19 serp 0.132 13.6% b.d.l. - 58.8 1.77%
ODp2C3sr2 serp 0.014 44.2% b.d.l. - 33.2 2.31%
ODp2C3sr21 serp 0.332 15.6% b.d.l. - 86.3 1.64%
ODp2C3sr7 serp 0.073 21.4% b.d.l. - 13.8 3.83%
ODp2C3sr8 serp 0.086 23.9% b.d.l. - 17.9 1.14%
ODp2C5sr1 serp 0.281 10.3% b.d.l. - 82.7 2.94%
ODp2C5sr11 serp 0.056 24.7% b.d.l. - 65.1 1.45%
ODp2C5sr15 serp 0.057 14.0% b.d.l. - 70.8 0.63%
ODp2C5sr2 serp 0.786 8.8% b.d.l. - 94.7 1.96%
Serpentine minerals Serpentine minerals
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ODp2C5sr5 serp 0.049 23.8% b.d.l. - 21.8 1.77%
ODp2C5sr6 serp 0.072 17.0% b.d.l. - 18.9 6.45%
ODP2c6sr1 serp 0.030 36.4% b.d.l. - 41.5 2.12%
ODP15c2sr1 serp 0.021 45.9% b.d.l. - 31.7 7.78%
ODP15c2sr8 serp 0.115 19.7% b.d.l. - 58.5 1.99%
ODP15c2sr6 serp 0.060 24.7% b.d.l. - 54.7 2.37%
ODP15c2sr7 serp 0.188 6.7% b.d.l. - 76.1 1.11%
ODP15c2sr17 serp 0.311 10.0% b.d.l. - 37.3 1.14%
ODP15c2sr19 serp 0.306 8.6% b.d.l. - 32.3 3.38%
ODP15c2sr20 serp 0.045 30.3% b.d.l. - 27.0 1.64%
ODP15c2sr21 serp 0.061 24.7% b.d.l. - 28.0 1.71%
ODP15c2sr23 serp 0.614 7.0% b.d.l. - 81.5 2.50%
ODP15c2sr22 serp 0.483 2.7% b.d.l. - 84.6 4.49%
ODP15c2sr16 serp 0.009 58.4% b.d.l. - 32.4 1.58%
ODP15c1sr6 serp 0.005 84.8% b.d.l. - 35.0 1.93%
ODP15c1sr7 serp 0.004 59.5% b.d.l. - 31.3 1.39%
ODP15c1sr4 serp 0.003 75.9% b.d.l. - 30.5 2.72%
ODP15c1sr16 serp 0.801 12.1% b.d.l. - 93.9 2.09%
ODP15c1sr14 serp 0.626 3.4% b.d.l. - 86.9 1.26%
ODP15c1sr18 serp 0.002 110% b.d.l. - 56.9 0.79%
ODP15c1sr21 serp 0.169 11.3% b.d.l. - 84.8 0.73%
ODP15c1sr9 serp 0.948 6.2% b.d.l. - 61.6 1.74%
ODP15c1sr10 serp 0.267 14.8% b.d.l. - 92.5 1.26%
ODP15c4sr2 serp 0.045 22.3% b.d.l. - 58.0 1.30%
ODP15c4sr5 serp 0.030 31.2% b.d.l. - 22.6 2.94%
ODP15c4sr6 serp 0.016 39.2% b.d.l. - 45.0 1.80%
ODP15c4sr3 serp 0.034 36.1% b.d.l. - 50.6 1.61%
ODP15c4sr7 serp 0.105 20.1% b.d.l. - 67.2 1.80%
ODP15c4sr8 serp 1.170 27.2% b.d.l. - 25.1 2.91%
ODP15c4sr12 serp 0.105 25.8% b.d.l. - 56.3 4.11%
ODP15c3sr2 serp 0.166 13.4% b.d.l. - 20.3 4.43%
ODP15c3sr4 serp 0.182 18.1% b.d.l. - 27.7 1.11%
ODP15c3sr11 serp 1.610 5.9% b.d.l. - 101.5 2.06%
ODP15c3sr8 serp 0.003 101% b.d.l. - 60.2 1.30%
ODP15c3sr12 serp 0.225 11.0% b.d.l. - 67.5 1.17%
ODP18c5sr1 serp 0.199 17.3% b.d.l. - 75.1 1.04%
ODP18c5sr6 serp 0.091 20.4% b.d.l. - 82.0 5.57%
ODP18c5sr8 serp 0.050 23.1% b.d.l. - 64.4 1.39%
ODP18c5sr2 serp 0.009 70.5% 0.003 91% 26.6 3.57%
ODP18c5sr13 serp 0.021 21.3% b.d.l. - 18.0 2.18%
ODP18c5sr18 serp 0.048 27.6% b.d.l. - 17.7 2.62%
ODP18c5sr17 serp 0.008 73.7% b.d.l. - 29.5 1.83%
ODP18c5sr22 serp 0.006 59.2% b.d.l. - 26.6 1.36%
ODP18c3sr1 serp 0.010 55.4% 0.001 110% 22.9 6.23%
ODP18c3sr10 serp 1.388 11.2% b.d.l. - 56.9 3.42%
ODP18c3sr2 serp 0.030 41.5% b.d.l. - 16.3 2.21%
ODP18c3sr3 serp 0.028 35.8% b.d.l. - 16.4 2.72%
ODP18c3sr17 serp 0.038 34.2% b.d.l. - 24.1 1.74%
ODP18c3sr25 serp 0.053 19.8% b.d.l. - 47.1 8.41%
ODP18c4sr27 serp 0.041 22.1% b.d.l. - 69.5 1.36%
ODP18c4sr4 serp 0.017 34.1% b.d.l. - 38.6 1.36%
ODP18c4sr2 serp 0.019 43.6% b.d.l. - 62.0 1.80%
ODP18c2sr5 serp 0.621 6.5% b.d.l. - 88.9 3.19%
ODP18c2sr13 serp 0.025 37.0% b.d.l. - 26.4 1.74%
ODP18C2sr1 serp 0.128 23.4% b.d.l. - 61.7 2.28%
ODP18C2sr8 serp 1.497 10.7% b.d.l. - 83.7 1.90%
ODP18C2sr3 serp 0.095 27.6% 0.001 186% 87.1 1.99%
ODP18C5sr27 serp 0.005 104% b.d.l. - 24.7 1.61%
ODP18C4sr19 serp 0.018 40.2% b.d.l. - 40.5 1.26%
ODP18C4sr14 serp 0.308 16.3% b.d.l. - 78.1 1.64%
Serpentine minerals
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ABSTRACT
Spinel harzburgites from ODP Leg 209 (Sites 1272A, 1274A) drilled at the mid-Atlantic 
ridge between 14°N and 16°N are highly serpentinized (50-100%), but still preserve relics 
of primary phases (olivine ≥ orthopyroxene >> clinopyroxene). We determined whole-rock 
B and Li isotope compositions in order to constrain the effect of serpentinization on δ11B 
and δ7Li. Our data indicate that during serpentinization Li is leached from the rock, while 
B is added. The samples from ODP Leg 209 show the heaviest δ11B (+29.6 to +40.52‰) 
and lightest δ7Li (-28.46 to +7.17‰) found so far in oceanic mantle. High 87Sr/86Sr ratios 
(0.708536 to 0.709130) indicate moderate water/rock ratios (3 to 273, on the average 39), 
in line with the high degree of serpentinization observed. 
Applying the known fractionation factors for 11B/10B and 7Li/6Li between seawater and 
silicates, serpentinized peridotite in equilibrium with seawater at conditions corresponding to 
those of the studied drill holes (pH: 8.2; temperature: 200°C) should have δ11B of +21.52‰ 
and δ7Li of +9.7‰. As the data from ODP Leg 209 are clearly not in line with this, we 
modelled a process of seawater-rock interaction where δ11B and δ7Li of seawater evolve 
during penetration into the oceanic plate. Assuming chemical equilibrium between fluid and 
a rock with δ11B and δ7Li of ODP Leg 209 samples, we obtain δ11B and δ7Li values of +50 
to +60‰, -2 to +12‰, respectively, for the co-existing fluid. In the oceanic domain, no 
hydrothermal fluids with such high δ11B have yet been found, but are predicted by theoretical 
calculations. Combining the calculated water/rock ratios with the δ7Li and δ11B evolution in 
the fluid, shows that modification of δ7Li during serpentinization requires higher water/rock 
ratios than modification of δ11B. 
Extremely heavy δ11B in serpentinized oceanic mantle can potentially be transported into 
subduction zones, as the B budget of the oceanic plate is dominated by serpentinites. 
Extremely light δ7Li is unlikely to survive as the Li budget is dominated by the oceanic crust, 
even at small fractions.
Submitted to Earth and Planetary Science Letters
Chapter III
Boron, lithium and strontium isotopes as 
tracers of seawater-serpentinite interaction 
at mid-Atlantic ridge, ODP Leg 209
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3.1. Introduction
At mid-ocean ridges, new oceanic crust is 
formed, and mantle may be exhumed at the 
ocean floor (e.g. Cannat, 1993; Escartin et 
al., 2003; Michael et al., 2003). The oceanic 
plate cools continuously as it moves away from 
the ridge. Hydrothermal activity is thought 
to play a major role in this cooling process 
and may be responsible for the discrepancies 
between observed and modelled heat flow 
values (Stein and Stein, 1992; Stein and 
Stein, 1996). Interaction between seawater 
and the oceanic plate alters the latter as 
secondary hydrous minerals precipitate 
(e.g. serpentine, chlorite, zeolites, clay 
or carbonate minerals). At relatively low 
temperatures, the light elements B and 
Li are preferentially incorporated in these 
secondary minerals (Vils et al., 2008), and 
fractionation of 11B from 10B and of 7Li from 6Li 
takes place. During its residence in the ocean, 
the oceanic plate can become highly enriched 
in these secondary minerals, containing more 
Li and B than unaltered mantle or crust and 
is isotopically distinguishable (e.g. Chan et 
al., 1992; Bouman et al., 2004; Elliott et al., 
2004; Tomascak, 2004; Vils et al., 2008). 
Alteration is therefore an important parameter 
controlling the input of light elements and 
their isotopes into subduction zones (e.g. 
Elliott et al., 2004; Savov et al., 2005; Savov 
et al., 2007; Vils et al., 2008). 
At temperatures < 100°C, basalts exposed 
on the seafloor usually take up seawater B and 
Li through formation of alteration phases such 
as clay minerals (e.g. Seyfried et al., 1984; 
Chan et al., 1992; Ishikawa and Nakamura, 
1992; Palmer and Swihart, 1996). The 
isotope fractionation is in general such that 
the heavy isotopes (7Li, 11B) are partitioned 
into the fluid whereas the light isotopes (6Li, 
10B) are preferentially retained in the rock 
(e.g. Palmer and Swihart, 1996; Tomascak 
et al., 2008). However, as the clay minerals 
equilibrate with a reservoir of heavy Li and B, 
they will acquire relatively high δ11B and δ7Li 
values compared to the unaltered rock. This 
has been shown in studies on altered basalts 
from the ocean floor (Chan et al., 1992; 
Ishikawa and Nakamura, 1992; Ishikawa 
and Nakamura, 1993) and by experimental 
equilibration of clay minerals and clay-rich 
sediments with seawater (e.g. Palmer et al., 
1987; You et al., 1995; Vigier et al., 2008). 
At temperatures above the upper stability 
limit of clay minerals (ca. 200°C), chlorite 
becomes the most important secondary 
hydrous mineral in basalts and serpentine in 
peridotite. Although these phyllosilicates can 
potentially accommodate Li and B in their 
structures, it has been documented in several 
instances that at elevated temperatures, Li 
and B are leached from basalt (e.g. Ishikawa 
and Nakamura, 1992; Chan et al., 1993; 
Seyfried et al., 1998). As the fractionation 
in both isotope systems decreases with 
increasing temperature (e.g Palmer and 
Swihart, 1996; Tomascak, 2004), it might be 
expected that hydrothermally altered basalts 
and peridotites have δ11B and δ7Li values 
between those of their low-temperature 
equivalents and seawater. However, neither 
the elemental partition coefficients nor the 
isotope fractionation is known for chlorite-
seawater and serpentine-seawater. 
In addition to temperature, B isotope 
fractionation during fluid-rock interaction is 
controlled by pH (Spivack and Edmond, 1987; 
Liu and Tossell, 2005; Boschi et al., 2008). 
Low pH favours trigonally over tetragonally 
coordinated B and hence 11B increases in fluid 
and decreases in solid (Spivack and Edmond, 
1987). This is confirmed by down-hole trends 
in drilled serpentine mud and clasts at the 
Mariana forearc, showing a decrease of δ11B 
with depth from +25 to +10‰, with pH of 
the coexisting fluid increasing from 8 to 12 
(Benton et al., 2001).
Against this complex background, an 
increasing dataset on oceanic peridotite that 
interacted with seawater at ridges or fracture 
zones shows that serpentine minerals and 
serpentinite are generally enriched in B during 
alteration (10-100 µg/g), whereas they can 
be enriched (up to 13.7 µg/g) or depleted 
(down to 0.1 µg/g) in Li (Thompson and 
Melson, 1970; Bonatti et al., 1984; Spivack 
and Edmond, 1987; Niu, 2004; Boschi et 
al., 2008; Vils et al., 2008) compared to the 
values for depleted mantle (B: 0.06 µg/g, Li: 
0.7 µg/g; Salters & Stracke, 2004). Samples 
of serpentinized peridotites from the Atlantis 
Massif (Boschi et al., 2008) and from the 
Atlantic ocean (Spivack and Edmond, 1987; 
Simon et al., 2006) show heavy δ11B compared 
to mantle peridotites (+7.0 to +25.3‰ versus 
-3‰; Hart et al., 1999), but the spread is 
large. In-situ Li and δ7Li measurements on 
serpentine from the Southwest Indian Ridge 
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showed a range in δ7Li from +25.5 to -19.1‰ 
(Decitre et al., 2002).
In order to explain the range in concentration 
(and isotopic composition) often found 
in serpentinized peridotites at one single 
site and displayed by fluids emerging from 
hydrothermal vents, several authors have 
invoked the importance of fluid-rock ratio and 
fluid evolution (Decitre et al., 2002; McCaig et 
al., 2007; Boschi et al., 2008). In our previous 
work (Vils et al., 2008) on serpentinized 
peridotites from ODP Leg 209 (Sites 1272A and 
1274A) we showed by in-situ measurement of 
B and Li concentrations in minerals and whole-
rock samples that during serpentinization B 
is taken up from seawater while Li is lost. 
Based on the correlation between degree of 
serpentinization and B and Li contents and 
on the absence of temperature gradients, we 
concluded that the B and Li budget was largely 
controlled by serpentinization and thus by 
water/rock ratios. Here, we present δ11B, δ7Li 
and 87Sr/86Sr values and Li concentrations of 
17 whole-rock samples from the same ODP 
drilling sites. We discuss the results against 
the background of theoretical and observed B 
and Li isotope fractionation during seawater-
peridotite interaction and model the latter for 
our case. 
3.2. ODP Leg 209
ODP Leg 209 was drilled at the mid-
Atlantic ridge (Fig. 3.1) north and south of 
the Fifteen-Twenty-fracture zone (Bach et 
al., 2004; Kelemen et al., 2004; Kelemen 
et al., 2007). Samples presented in this 
study are serpentinized harburgites from 
Site 1272A and Site 1274A. The primary 
geochemical features of the mantle rocks at 
the two sites are slightly different, which is 
reflected in the REE patterns of whole rock 
samples (Godard et al., 2008), but at both 
sites the peridotites show high degrees of 
partial melting and melt extraction (Seyler 
et al., 2007; Godard et al., 2008; Suhr et 
al., 2008). The degree of serpentinization 
varies between 51 and 99%. The rocks of 
Site 1272A are generally serpentinized to a 
higher degree as those of Site 1274A, with 
a down-hole decrease of serpentinization in 
the former. For detailed sample descriptions, 
major and light element contents of minerals 
and B contents of whole-rock samples, we 
refer to our previous study (Vils et al., 2008). 
The samples are composed of primary phases 
(olivine, orthopyroxene and two generations 
of clinopyroxene), and serpentine (mostly 
lizardite; Pelletier, 2008). Sample OD 42 
contains one cluster of magmatic olivine left 
over from a passing melt (Vils et al., 2008). 
Primary phases (ol, opx and cpx), except 
second-generation clinopyroxene, show 
15°20’ N FZ
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30°N
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Site 1274A
EuropeNorth
America
Atlantic OceanVema FZ
Atlantis
massif
Fig. 3.1. Simplified map of the axial zone of the mid-Atlantic ridge, with situation of the ODP 209 
drilling site north and south of the Fifteen-Twenty fracture zone (modified after Paulick et al., 2006). 
FZ fracture zone.
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low Li, Be and B concentrations (< 1µg/g). 
Serpentine minerals are the major carrier of 
B (up to 177 µg/g), and second-generation 
clinopyroxene is the major phase for Li 
(up to 5.4 µg/g). No clay minerals or low-
temperature phases other than serpentine 
are reported in the studied samples, with the 
exception of chlorite in OD 42 and possibly 
iowaiite in OD 34 (Vils et al., 2008).
3.3. Analytical methods
Prior to any chemical treatment samples were 
cut in small pieces and external rims were 
systematically removed. Dust was washed off 
in an ultrasonic bath in MilliQ water for 10 
minutes. 2-3 cm thick slabs from the drilled 
samples were crushed to µm size in an agate 
micromill at the ETH Zurich (CH). 
B isotope composition was determined 
using a VG Isomass 54E positive ion thermal 
ionization mass spectrometer at IGG-CNR in 
Pisa, following B extraction and purification 
procedures described by Tonarini et al. (2003). 
B isotopic compositions of the samples are 
reported in the conventional delta notation 
(δ11B) as per mill deviation from accepted 
composition of NIST-SRM 951 (certified 
11B/10B= 4.04362; Catanzaro et al., 1970). 
One analysis corresponds to 25-40 blocks 
of 10 individual B ratio measurements; in-
run statistic is based on the block average. 
Accuracy of the procedure was evaluated by 
repeated analyses of NIST-SRM 951 standard 
taken through the full chemistry procedure 
(Table 1). Isotopic fractionation associated 
with the mass spectrometer analysis was 
corrected using a fractionation factor calculated 
as [(Rcert+0.00079)/Rmeas]; 
11B/10Bmeas (NIST-
SRM 951)= 4.0520±0.0016(2SD). Replicate 
analyses of NIST-SRM 951 that did not undergo 
the chemical procedure gave 11B/10Bmeas (SRM 
951)= 4.0516 ± 0.0016 (2SD, supplementary 
Table 1). The reproducibility of analytical 
results for isotopically homogeneous samples 
treated with alkaline fusion chemistry is 
approximately ± 0.5‰. Blanc measurement 
was 20 - 30 ng, following the same 
procedure.
Strontium isotope analyses were performed 
on a Finnigan MAT 262V multicollector mass 
spectrometer at IGG-CNR in Pisa, after 
conventional HF-HNO3 dissolution and ion 
exchange procedures using Sr-SpecELChroM 
resins for strontium separation from the 
matrix. Measured 87Sr/86Sr ratios were 
normalized to 86Sr/88Sr= 0.1194. The quoted 
error on single measurement is the standard 
deviation of the mean (2 θ mean). During the 
collection of isotopic data, 6 replicate analyses 
of NIST SRM 987 (SrCO3) gave an average 
value of 0.710244 ± 12 (2 SD, supplementary 
Table 1). All 87Sr/86Sr data were normalized 
to a value of 0.71025 for the NIST SRM 987 
standard. Two total blanks prepared during 
sample analysis gave values of 0.15 ng. 
Rock digestion and column chemistry for Li 
isotopes followed the procedure of Seitz et 
al. (2004). 10 - 20 mg sample powder was 
digested in 2 ml of 1:1 HF -HNO3 on a hot 
plate (140°C) for several days. Subsequently, 
samples were dissolved in 6M HCl and 
finally reconstituted in 6M HNO3 followed by 
chromatographic Li purification (see Seitz et 
al., 2004 for details). Li isotope analyses were 
carried out on a Neptun (ThermoFinnigan) 
multiple collector inductively coupled plasma 
mass spectrometer (MC-ICP-MS) at the J.W. 
Goethe University (Frankfurt). The MC-ICP-
MS allows simultaneous measurement of 
both 6Li and 7Li, performed at dry plasma 
conditions using a Cetac Aridus® nebuliser 
fitted with a PFA spray chamber and an ESI 
microconcentric-nebuliser with an uptake rate 
of 20ml/s. The sample gas was dried at 160°C 
before being introduced to the plasma. With 
the ThermoElectron standard cones (H-Cones) 
an intensity of 40-50 pA, 1011 Ω resistor (4-5 
V) for 7Li at a 10 ng/g concentration level is 
achieved. The analytical blank (chemistry 
blank minus background signal) on double 
distilled 2% HNO3 was usually 30-20 pg 
(~12-20 mV on 7Li). Sample analysis was 
carried out sequentially by ‘bracketing’ the 
sample with the L-SVEC standard (Flesch et 
al., 1973), followed by a blank measurement. 
The total integration time for each Li isotope 
measurement was approximately 4 min, 
following a baseline measurement (at masses 
5.9 to 6.1 and 6.9 to 7.1, respectively) of 
approximately 1 min. Isotope compositions 
are expressed as per mil deviations from the 
NIST L-SVEC standard: δ7Li=[[7Li/6Li]sample/
[7Li/6Li]L-SVEC standard-1]*1000. Internal precision 
is typically between 0.2 and 0.6‰ (2 sigma 
mean) and the long-term reproducibility, 
determined on replicate measurements of 
the geological standard JB-2, is about 1.2‰ 
(2SD; supplementary Table 1).
Li concentrations of samples were determined 
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along with the isotope measurements, by 
comparing the ion beam intensities with 
those of the 10 µg/g NIST L-SVEC standard 
solution. The uncertainty of this method 
was estimated by measuring international 
rock standards several times during a 
daily campaign. Daily precision of these 
concentration measurements was typically 
10% (2 SD). Long-term reproducibility of the 
JB-2 basalt standard was 15% (2 SD, Seitz 
et al., 2004).
3.4. Analytical results 
B and Li isotope data and Li concentrations 
of whole rock samples are reported in Table 
2, completed by B, H2O and Cl concentrations 
from Vils et al. (2008), and shown in Fig. 3.2 
versus depth.
3.4.1. Site 1272A
 87Sr/86Sr ranges from 0.708599 to 0.709130. 
δ11B is between +32.4 and +39.1‰ (average 
+36.6‰), while δ7Li varies from -28.5 to 
+7.2‰ (average -5.2‰). 
87Sr/86Sr values are close to that of seawater 
(0.70916, Palmer and Edmond, 1989) and 
show no down-hole trend (Fig. 3.2). δ11B values 
show a large variation just below seawater 
values (+39.52‰; Smith et al., 1995). 
δ7Li values are far from those of seawater 
(+32‰; Chan et al., 1992), but more close 
to those of MORB (+4‰; Tomascak et al., 
2008). A down-hole trend can be observed 
that starts with strongly negative values 
(-28‰), increasing to near-mantle values 
(+3‰) and goes back to negative values 
(-7‰). No systematic relationship between 
the three isotopic systems can be observed. 
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Fig. 3.2. Diagram showing δ7Li, δ11B, 87Sr/86Sr, Li, B*, Cl* and H2O* concentration versus depth for 
ODP Leg 209 Sites 1272A and 1274A. The data are reported in Table 2. * Data from Vils et al. (2008). 
Simplified lithologic log modified after Bach et al. (2004), and Vils et al. (2008). Seawater values from 
Palmer and Edmond (1989); Schmidt et al. (2007); mid-ocean ridge basalts (MORB) values from 
Edmond et al. (1979), Ryan and Langmuir (1987), Hart et al. (1999), Tomascak et al. (2008). 
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3.4.2. Site 1274A
87Sr/86Sr ratio varies from 0.707173 to 
0.708792 (Table 2). δ11B is between +29.72 
and +40.66‰ (average +34.0 ‰), while 
δ7Li varies from -16.5 to +2.8‰ (average 
-7.7‰). Sample OD 42 contains a gabbroic 
pocket (Vils et al., 2008). This magmatic 
influence is reflected in lower 87Sr/86Sr ratios 
(0.707173), higher Li contents (3.37 µg/g) 
and heavier δ7Li +2.84‰, while B contents 
(<0.2 µg/g) are lower than in average 
serpentinites. 
87Sr/86Sr ratios are generally close to those 
of seawater. δ7Li starts at strongly negative 
values and approaches MORB values with 
increasing depth. δ11B is close to seawater 
values at shallow levels and tends to decrease 
with depth. 
3.5. Discussion of analytical re-
sults
3.5.1. Relation of the observed Li and B 
isotope fractionation with other chemical 
and isotope characteristics
In general, the analyzed samples show a 
narrow range of 87Sr/86Sr ratios close to the 
seawater value, overlapping with those of other 
oceanic serpentinites (Mével, 2003). The high 
H2O contents and 
87Sr/86Sr ratios measured 
indicate that the sampled peridotites have 
extensively interacted with seawater-derived 
fluid (Fig. 3.2). This process is also reflected 
by increasing B content and decreasing Li 
content with increasing 87Sr/86Sr ratios (Fig. 
3.3). These observations are in line with the 
generally high degree of serpentinization 
occurring in the samples from both sites (up 
to 99%; Vils et al., 2008), although the rocks 
at Site 1272A are generally serpentinized to 
a higher degree. 
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Fig. 3.3. B versus 87Sr/86Sr (A), Li versus 87Sr/86Sr (B) diagrams illustrating serpentinization, (C) 
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depleted mantle value (after Salters and Stracke, 2004), Literature data after Spivack and Edmond 
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This difference is reflected in the light element 
and Cl concentrations. As serpentine is the 
major carrier of B, H2O and Cl, in serpentinites, 
the concentrations of these elements tend to 
higher values and scatter less at Site 1272A 
than at Site 1274A (Vils et al. 2008). As Li 
is mainly hosted by clinopyroxene, a primary 
mineral, Li concentrations are generally 
higher and scatter less at Site 1274A than at 
Site 1272A. Also, at Site 1272A, an overall 
decrease of H2O, Cl, and B and an increase 
of Li with depth can be observed (Fig. 3.2), 
in line with the observed down-hole decrease 
in serpentinization (Vils et al. 2008). 
These observations led us to conclude that 
serpentinization added B to and removed Li 
from peridotite (Vils et al., 2008).
The B and Li isotope data presented here 
and their trends with B and Li concentrations 
(Fig. 3.3) indicate that isotope fractionation 
occurs during serpentinization. For Site 
1274A, there is a positive correlation 
between Li concentrations and δ7Li (Fig. 3.3). 
The strongly negative δ7Li values and their 
trend towards less negative values in the 
uppermost part of Site 1272A are very likely 
due to the high degree of serpentinization 
(high H2O, high 
87Sr/86Sr ratios and low 
Li content in the sample), related to fluids 
entering through a fault gouge at 60 
m.b.s.f. (meter below seafloor). The less 
negative δ7Li values in the lower part of the 
borehole (and the higher Li concentrations) 
can be explained by the presence of larger 
fractions of clinopyroxene as the degree of 
serpentinization decreases from 99 to 70% 
and clinopyroxene occurrence increases (Vils 
et al., 2008). These observations indicate that 
during serpentinization, 7Li is preferentially 
leached from the rocks.
There is no simple correlation between δ11B 
and B concentration. On the average, the 
spread in δ11B is larger and values tend to be 
lighter at Site 1274A (lower average degree 
of serpentinization) compared to Site 1272A 
(higher average degree of serpentinization; 
Figs. 3.2, 3.3). Also, when omitting the 
data points for sample OD42 (crosscut by a 
magmatic vein), δ7Li and δ11B show a negative 
correlation for Site 1274A at which relations 
are not complicated by a fault gouge (Fig. 
3.2). These observations suggest that during 
serpentinization, 11B is preferentially added 
to peridotites. 
The δ11B values obtained in this work (+29.7 
to +40.7‰) are considerably higher than 
those found so far for any serpentinized 
oceanic peridotite (Fig. 3.3). Among the 
δ7Li values obtained in this work (-28.5 to 
+7.2‰) are the most negative ones found 
so far for serpentinized oceanic peridotite, 
and our entire dataset tends to more negative 
values than previously found (Fig. 3.3).
Fig. 3.4. Boron isotope fractionation versus temperature diagram (data from Liu and Tossell, 2005) 
showing the influence of pH on boron isotopes. Average serpentinization temperature chosen after 
Bonatti et al. (1984) and Bach et al. (2004). 
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3.5.2. Constraints on seawater-peridotite 
interaction for ODP Leg 209
During peridotite-seawater interaction, the 
observed B and Li isotope fractionation is 
controlled by temperature, by pH (B) and by 
water/rock ratio. Kakihana and Kotaka (1977) 
calculated the fractionation factor between 
BOH3-BOH4 in a fluid (α3/4=1.0193 at 300 K). 
New ab initio molecular orbital calculations 
for boron isotope fractionation on boric acids 
and borates of Liu and Tossell (2005) showed 
that the B(OH)3-B(OH)4 isotope fractionation 
is higher (α3/4=1.0245 at 300 K), moreover 
there is also a fractionation factor to consider 
between BOH4 in aqueous solution and BO4 
in silicates. Combining the two fractionation 
factors, we obtain a data set illustrating the B 
isotope fractionation between seawater and 
silicates (≈ rock) as a function of temperature 
and pH (Appendix Table 1). Best-fit lines 
trough the calculated values are shown in 
Fig. 3.4. For example, assuming an average 
serpentinization temperature for oceanic 
mantle rocks of 200°C and seawater pH (8.2), 
we obtain ∆11B silicate-seawater= -19‰ (Fig. 3.4).
For ODP Leg 209 Sites 1272A and 1274A, δ18O 
isotopic composition and mineralogy indicate 
serpentinization temperatures between 
150°C and 250°C (Bach et al., 2004; Alt et 
al., 2007). We consider 200°C as average 
serpentinization temperature at both sites. If 
we assume a single-stage seawater-peridotite 
equilibration, pH should be that of seawater 
(8.2). δ11B values obtained in this work (+29.7 
to +40.7‰) result in ∆11Brock-seawater values of 
+2 to -10‰. Using the fractionation factor 
of Liu and Tossell (2005) and considering a 
single-stage equilibrium process at 200°C, 
pH must have been considerably higher than 
10, or, at pH of 8.2, temperature must have 
been between 400 and 1000°C. Moreover, 
Boschi et al. (2008) showed that during low-
temperature seawater-rock interaction (0-
25°C, pH 7.5-8.5), δ11B in an equilibrated 
rock reaches a maximum value of +7‰. 
Hence, a single-stage equilibrium process, 
as is probably the case for weathering of 
peridotite on the ocean floor, is not a realistic 
model for seawater-peridotite interaction at 
Sites 1272A and 1274A.
It seems more reasonable to assume that 
batches of seawater penetrate into the 
oceanic plate and continuously evolve during 
interaction with the surrounding rocks (in our 
case peridotite). Such a process is in line with 
the composition of fluids emerging at oceanic 
hydrothermal vent sites hosted by ultramafic 
rocks (e.g. Li: 0.33 to 2.38 µg/g for Rainbow, 
Logatchev and Lost City hydrothermal fields; 
B: 0.34 to 3.69 µg/g for Logatchev and Lost 
City; Douville et al., 2002; Schmidt et al., 2007) 
which may be enriched or depleted in B or Li 
compared to seawater (0.18 µg/g Li, 4.5 µg/g 
B; Quinby-Hunt and Turekian, 1983; Schmidt 
et al., 2007). The chemical variability of such 
hydrothermal fluids was explained by a vent 
site evolution model (McCaig et al., 2007) in 
which single hydrothermal fields correspond 
to different evolution stages of low-angle 
detachment faults where emerging fluids 
interact with different rock types to different 
degrees (mafic and ultramafic lithologies). 
Hydrothermal fields have various pH (2.8 to 
9.8; e.g. Kelley et al., 2001; Douville et al., 
2002), depending on their solid buffer (pure 
ultramafic lithologies, pure basalt lithologies 
or mixtures of the two). Theoretical modelling 
of the behaviour of B during serpentinization 
revealed that changing pH during serpentinite 
formation at the Atlantic massif could be 
responsible for the observed δ11B (Boschi et 
al., 2008).
Fractionation of Li isotopes does not seem 
to be dependent on pH, but is sensitive to 
temperature and pressure (Wunder et al., 
2006). Pressure, however, plays no role for 
samples dredged or drilled from the ocean 
floor. Estimation of Li fractionation due to 
clay formation in weathered basalts ranges 
from -17 (4°C) to -3‰ (350°C; Chan et al., 
1992; Chan et al., 1993). Recent experiments 
on incorporation of Li on the octahedral side 
of Mg-rich clay minerals showed strong 
temperature dependencies of Li fractionation 
(e.g. 200°C, ∆7Li= -3.6‰; Vigier et al., 
2008). On serpentinites from the Southwest 
Indian Ridge, Decitre et al. (2002) obtained Li 
isotopic compositions lighter and heavier than 
the unaltered rocks. The authors interpreted 
this variation as internal recycling of Li from 
the hot MORB into the progressively forming 
serpentinites, rather than a direct exchange 
with seawater. 
Calculation of the ocean δ7Li budget by 
Huh et al. (1998) led to the conclusion that 
there needs to be a mineral phase in the 
oceans acting as a sink for Li, with ∆7Liphase-
seawater= -23‰. Adsorption and desorption 
experiments on phyllosilicates implied that 
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∆7Liphase-seawater is > -20‰ (Zhang et al., 1998). 
These statements are in line with recalculation 
of the δ7Li content of the ocean, assuming clay 
phases as the major Li sink, leading to ∆7Li 
clay-seawater between -12 to -21‰ (Vigier et al., 
2008). As serpentine is also a phyllosilicate, 
fractionation factors for Li similar to those of 
clay minerals seem reasonable.
3.6. Modelling seawater and 
rock evolution during fluid-rock 
interaction
In the following, we model the evolution of 
seawater and the composition of coexisting 
rock in terms of δ11B and δ7Li values during 
continuous fluid-rock interaction in a closed 
system. Based on our previous results (Vils 
et al., 2008), we assume that during this 
process B is added to peridotite through 
serpentinization while Li is leached from 
the rock. The other parameters, e.g. δ11B 
and δ7Li values of seawater and peridotite, 
and fractionation factors, are given in the 
appendix and Table 3.2.
3.6.1. Results
 In Fig. 3.5, the modeled process of fluid-
rock interaction is illustrated by the stepwise 
evolution of a fluid batch reacting with 
ultramafic rocks. With each step, 10% of the 
fluid is adsorbed onto and integrated into 
the surrounding rocks. The fluid acquires 
increasingly heavy δ11B (Figs. 3.5.A, B). The 
rock in equilibrium with such a fluid follows 
the same trend, if the fractionation factor 
(∆11Brock-seawater= -19‰) is kept constant. 
The influence of temperature at constant 
pH is shown in Fig. 3.5.A. At low reaction 
temperatures, fluids become more quickly 
enriched in 11B and end up with higher δ11B 
than at high temperatures. The influence 
of pH at constant temperature is shown in 
Fig. 3.5.B. As low pH favours the presence 
of trigonally coordinated B and thus 11B, low-
pH fluids become more quickly enriched in 
11B and end up with higher δ11B than high-pH 
fluids. Figs. 3.5.A and 3.5.B show that fluids 
in equilibrium with rocks from ODP Leg 209 
should have been isotopically heavier than 
seawater. Applying a fractionation of -19‰ 
at serpentinization temperature of 200°C 
on a batch of seawater (pH= 8.2), fluids 
in equilibrium with rocks of ODP Leg 209 
should have had δ11B of + 50 to +60 ‰ (Fig. 
3.5.B). 
Fig.3.5.C shows the evolution of δ7Li in a 
fluid and co-existing rock during rock-water 
interaction. The line in Figure 3.5.C, which 
corresponds to seafloor weathering, does not 
intersect with the field outlined by samples 
from ODP Leg 209. Therefore, as already 
deduced from the B isotope systematic, 
seafloor weathering seems an unlikely 
process for the studied samples. In contrast, 
the line calculated using the fractionation of 
∆7Li= -21‰ proposed by Vigier et al. (2008) 
intersects the data field for the ODP Leg 209 
samples which have extremely light δ7Li. 
Applying a fractionation of -21‰, fluids in 
equilibrium with rocks of ODP Leg 209 should 
have had δ7Li of - 2 to +12‰ (Fig. 3.5.B).
The modelling results from both isotope 
systems are consistent. First, they exclude 
that the peridotites of ODP Leg 209 were 
exposed to weathering at seafloor conditions 
during or after serpentinization. This result 
is in line with the conclusions from B and Li 
concentrations (Vils et al., 2008). Second, 
the model further show that the peridotites 
of ODP Leg 209 most likely acquired their 
extremely heavy δ11B and their extremely 
light δ7Li by reaction with an evolved fluid 
that had already exchanged 50-70% of its B 
and 60-80% of its Li with ultramafic rocks 
(Fig. 3.5).
3.6.2. Discussion
The measured isotope data are consistent 
with our model calculations, however, there 
may be alternative processes that could 
generate extremely heavy δ11B and extremely 
light δ7Li in serpentinized peridotites. The 
above-mentioned model is only valid under 
equilibrium conditions and closed-system 
behaviour. The penetrating fluid may not 
have been saturated in Li or B. In this case, 
even larger fractionation factors would have 
to be applied. 
The modelled δ11B of the fluid in equilibrium 
with ODP Leg 209 serpentinites tends towards 
higher values (+ 50 to +60 ‰) compared 
to those published for hydrothermal vent 
sites. Fluids emerging at hydrothermal 
fields have δ11B between +10 and +37‰ 
(Palmer, 1991). Heavier values are reported 
for sediment-starved systems (+26.7 to 
+36.8‰) compared to sediment-hosted 
systems (+10.1 to +11.5‰; Palmer, 1991). 
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Fig. 3.5. Model of isotopic evolution of fluid and corresponding rock (in equilibrium) during closed-
system stepwise fluid-rock interaction (δn=δ(n-1)*0.1*∆; n: step number). See appendix for further 
explanations. A: Results for δ11B at different temperatures at constant pH (8.2). B: Results for δ11B at 
different pH values at constant T (200°C). C: Results for δ7Li using different fractionations (Chan et 
al., 1992; Vigier et al., 2008). 
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Table 2 Calculation of water-rock ratios
EQ 1 Leg 1272A W/R Ex. W/R Ex.
OD 2 39 97 OD 32 21 94
OD 6 27 96 OD 34 12 91
OD 11 21 94 OD 38 12 90
OD 15 273 100 OD 42 3 70
OD 18 13 91 OD 45 6 83
OD 22 23 95 OD 48 15 92
OD 26 85 99 OD 49 19 94
OD 29 45 97 OD 52 12 91
EQ2 N (=W/R)
0.001 25.0
0.01 25.0
0.1 25.0
0.5 25.1
1 25.2
10 25.7
20 25.8
50 25.9
100 26.0
1000 26.0
Input parameters
EQ1 c i,r (µg/g) 0.7§
EQ1 c i,w (µg/g) 0.18£
EQ1 & 2 ci,r / ci,w 3.89
EQ1 & 2 δ w,i (max) +26*
EQ1 & 2 δ w,i (min) -8*
EQ1 & 2 δ r,i +4‘
EQ2 ∆w-r -21*
EQ1 and EQ2 see text for details. N = water-rock ratio; Ex.= % of Sr-
isotopic exchange; c= concentration (µg/g); i= initial; r= rock; w= 
fluid; δ= isotopic value or ratio; ∆= fractionation water-rock; § Salters 
and Stracke, 2004; $ Smith, 1995; £ Li et al., 1982; † Quint-Hunt et 
al., 1993;# Hart et al., 1999; ¢ Palmer and Edmond, 1989; ‘Tomascak 
et al., 2008; * values from Fig. 4 and 5
(
87
Sr/
86
Sr)w,f
Boron
-3#
4.5
$
0.70869
0.70892
0.70901
0.70903
0.70902
-19*
0.06
§
Strontium
9.8
§
7.8†
0.70916¢
+60*
+51*
0.70916¢
0.703
§
Lithium
16.4
33.4
54.6
58.8
60.0
0.70903
59.4
59.9
Leg 1274
(δ7Li)w,f(δ11B)w,f 
1.26
0
0.013
0.70902
60.0
60.0
60.0
0.70903
0.70903
0.70903
At the Lost City hydrothermal field (Atlantic 
massif), hosted by ultramafic rocks, δ11B 
values of +25‰ are reported for end member 
fluids (Boschi, 2006). The results of Raleigh 
distillation models applied to the Lost City 
hydrothermal vent system predict, however, 
that at 100°C, initial seawater should acquire 
δ11B of + 120‰ due to pH increase during 
serpentinization (Foustoukos et al., 2008). 
Also, at Lost City, hydrothermally precipitated 
aragonite (which incorporates preferably 
tetrahedrally coordinated B at low fractions; 
Sen et al., 1994; Hemming et al., 1995) has 
δ11B up to +53‰ (Boschi, 2006), suggesting 
equilibration to fluids with δ11B of around 
+71‰. 
For Lost City, the discrepancy between the 
modelled high-11B fluid composition (sup-
ported by the δ11B of aragonite) and the 
measured fluid composition may be explained 
by the presence of brucite. Considerable 
quantities of brucite have been found at 
Lost City and are invoked by Boschi (2006) 
to be the cause of relatively low-11B fluids. 
Based on the work of Pokrovsky et al. 
(2005), Foustoukos et al. (2008) suggested 
that brucite may preferentially incorporate 
trigonal B and hence lower the δ11B of the 
coexisting fluid.
From ODP Leg 209 Sites 1272A and 1274A, 
brucite has been described as an accessory 
phase (Bach et al., 2004). Very likely, this is 
not sufficient to lower the δ11B value of the 
reacting fluid. It may be more reasonable 
to consider our assumption of constant pH 
for the model as too simple. Using phase 
equilibria constraints, several authors (e.g. 
Frost and Beard, 2007) have predicted that 
pH should become increasingly alkaline 
during serpentinization reactions at very 
low temperatures. According to the model 
of Foustoukos et al. (2008), the pH effect is 
less pronounced at temperatures of 200°C, 
relevant for ODP Leg 209 samples. At these 
conditions, the δ11B of a serpentinizing fluid 
would be + 50‰ (their Fig. 7), corresponding 
to our modelled values.
δ7Li of hydrothermal fluids (Juan de Fuca 
ridge) ranges from +7.2 to +8.9‰, with Li 
content of 0.1 to 2.9 µg/g (Foustoukos et al., 
2004). These data agree with our modelled 
fluid composition (δ7Li of -2 to +12‰; Fig. 
3.5.C). A similar evolution of Li in seawater 
through serpentinization is also invoked by 
Decitre et al. (2002) for serpentinites from the 
Southwest Indian ridge. However, their in-situ 
analyses of serpentine (δ7Li up to +25.5‰) 
suggest that prior to serpentinization, fluids 
are heated up in the oceanic plate and doped 
with Li and δ7Li through reaction with basalt. 
3.7. Influence of water/rock 
ratios on B and Li isotopic com-
position
Similar abundances of strontium in the 
mantle (9.8 µg/g; Salters and Stracke, 
2004) and in seawater (7.8 µg/g; Quinby-
Hunt and Turekian, 1983) and the absence 
of fractionation of strontium isotopes during 
fluid-rock interaction leads to a linear mixing 
line between 87Sr/86Sr ratios of mantle 
(0.7025, Rehkamper and Hofmann, 1997) 
and seawater (0.7916, Palmer and Edmond, 
1989). 87Sr/86Sr ratios are therefore a useful 
tool to quantify the fluid flow through a 
sample (expressed as water/rock ratio). We 
calculated water/rock ratios (N) for ODP Leg 
209 samples assuming a closed system and 
a ‘single-pass-model’. We used EQ1 (Taylor, 
1977; McCulloch et al., 1980), assuming 
€ 
δrf = δwf − Δ and for 87Sr/86Sr ∆=0. Results and 
input values are reported in Table 2.
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min. fluid
seawater
max. fluid
mantle
1
0.1
10
0.1
1
0.1
1
0.1
1
110
0.1
1
-10 
+0 
+10 
+20 
+30 
+40 
+50 
+60 
+70 
-40 -30 -20 -10 0 +10 +20 +30 +40 
δ7Li
δ1
1 B
“endmember”-line 
equilibration curve 
final composition 
ODP Leg 209  
ODP Leg 125 
rock
fluid
B 
A 
starting composition 
 
€ 
N = (δr
f −δri
δwi −δwf
) × cr
i
cw
i
 (EQ1)
r corresponds to rock, w to water or fluid, 
∆ to fractionation, f to final and i to initial. 
Calculation of N for ODP Leg 209 showed 
moderately high average N of 39. Values for 
Site 1272A (13 – 273) are higher than for 
Site 1274A (3 - 21), which is in line with the 
lower primary mineral content, the higher 
H2O contents and the higher serpentinization 
degree at Site 1272A compared to Site 1274A 
(Vils et al., 2008). Compared to unaltered 
MORB (0.726; Hart et al., 1999), the 
serpentinites of ODP Leg 209 have exchanged 
a large fraction of their Sr with fluid (70-
100%; 100x[87Sr/86Srsample-
87Sr/86SrMORB]/
[87Sr/86Srseawater-
87Sr/86SrMORB] after Davies  et 
al., 2003; Table 2), indicating extensive fluid-
rock interaction. Similar water/rock ratios (18-
234) and fractions of exchanged Sr (96-100%) 
were reported for Atlantis Massif serpentinites 
(Delacour et al., 2008). Spooner et al. (1977) 
and Delacour et al. (2008) concluded that 
during serpentinization, Sr was only locally 
mobilized (leached from primary minerals and 
precipitated in secondary minerals), and no 
Sr was added or removed. Similar exchange 
mechanisms seem to control the 87Sr/86Sr 
ratios of altered oceanic crust (e.g. Spooner 
et al., 1977). 
Li, B and Sr isotope systematics from ODP Leg 
209 indicate extensive seawater interaction, 
and the closed-system calculation showed 
high water-rock ratios (Table 2), which is in 
line with the high H2O content of the samples 
(Vils et al., 2008). In hydrothermal systems 
at mid-ocean ridges, fluid-rock interaction is 
continuous. Nevertheless, emerging fluids at 
hydrothermal vent sites show highly variable 
Sr contents and 87Sr/86Sr ratios (3.5-24 µg/g; 
0.70279 - 0.70997, respectively; Albarède 
et al., 1981; Palmer and Edmond, 1989). 
During its passage through the rock column, 
seawater continuously exchanges elements 
with the surrounding rock and hence changes 
its isotopic composition. As shown above, the 
δ11B and δ7Li data of ODP Leg 209 are coherent 
with such a fluid evolution. In order to model 
coupling between water/rock ratio and the 
isotopic evolution of fluid during fluid-rock 
interaction, we used a stable isotope balance 
Fig. 3.6. δ7Li versus δ11B 
diagram showing the 
data points of ODP Leg 
209 and ODP Leg 125 
(Benton et al., 2001; 
Benton et al., 2004). 
Lines correspond to 
modelled fluid-rock 
interaction using the 
equation of Pennisi et 
al. (2000). They show 
the evolution of δ7Li 
and δ11B in fluid (A) 
and co-existing rock 
(B) at different water/
rock ratios. Input 
values are reported 
in Table 2; ‘min. fluid’ 
and ‘max. fluid’ curves 
correspond to minimal 
and maximal fluid 
values from Fig. 3.5 to 
explain ODP Leg 209 
dataset (e.g. for δ7Li 
initial fluid: +26 and 
-8 ‰).
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equation (EQ2; after Pennisi et al., 2000), 
which is a derivative of EQ1, solved for final 
fluid composition, assuming 
€ 
δrf = δwf − Δ. 
€ 
δwf =
N *δwi +
Cr
Cw
* (δri + Δw−r )
N + Cr /Cw  (EQ 2)
Input values and results are reported in 
Table 2. Applying this equation to the Li and B 
isotopic system shows that already low values 
of N lead to near final fluid composition for δ11B, 
while δ7Li requires higher N (Table 2 and Fig. 
3.6). The range produced from minimal and 
maximal fluid composition (input values from 
Fig. 3.5.B and C cover most of the data points 
measured at ODP Leg 209, while seafloor 
weathering (equilibrium with seawater) leads 
to lighter δ11B and heavier δ7Li (Fig. 3.6). 
Data from ODP Leg 125 (Mariana fore arc, 
Benton et al., 2001; Benton et al., 2004) 
are probably not derivates of similar fluid 
evolution processes, as high serpentinization 
is not coherent with low N (Fig. 3.6). 
3.8. Implications for the global 
B and Li cycle
Our data have potential impact on the 
issue of light element recycling and isotope 
fractionation in subduction zones. The δ11B and 
δ7Li obtained on the samples from ODP Leg 209 
are the heaviest and the lightest, respectively, 
found so far for serpentinized peridotites 
from the oceanic domain. Subduction of 
oceanic mantle with such features could 
potentially control the composition of slab 
fluids, particularly in cases where magmatic 
oceanic crust is largely absent. Subduction 
and dehydration of oceanic crust should 
produce slab fluids that have heavy δ11B and 
δ7Li and high B (and Li) concentrations. In 
contrast, fluids released from a subducting 
ODP Leg 209-type mantle should probably 
have considerably lighter δ7Li and heavier δ11B, 
very low Li and variably high B concentrations. 
Even if there is magmatic crust, the B isotopic 
composition of serpentinized mantle should 
control the composition of slab fluids, as it is 
the principal carrier of B, especially if only its 
upper part is dehydrated (Vils et al., 2008). 
For Li, our study showed that the extremely 
light δ7Li values are coupled to very low Li 
contents of serpentinites. Thus, it is unlikely 
that the extremely light δ7Li as found in ODP 
Leg 209 serpentinites are transferred to slab 
fluids. Even a small fraction of magmatic or 
sedimentary crust would strongly dominate 
the Li budget (Vils et al., 2008).
An important question to ask is if oceanic 
mantle with B and Li element and isotope 
characteristics such as those encountered in 
ODP Leg 209 is likely to enter a subduction 
zone. As oceanic lithosphere moves away from 
the spreading center and cools, serpentinized 
peridotites may attain isotopic equilibrium 
with seawater if they have sufficient time. 
One argument in favor of this hypothesis may 
be that δ11B of dredged serpentinites is lighter 
(+8.3 to +12.6‰; Spivack and Edmond, 
1987) than that of drilled serpentinites 
from ODP 209. On the other hand, the slow 
reaction kinetics at such low temperatures 
could impede re-equilibration. Permeability 
experiments on peridotites showed that 
at 100°C, a 100m thick mantle column is 
completely serpentinized after 3 Ma, at 34°C 
only after ~160 Ma (MacDonald and Fyfe, 
1985). Thus, given that the average age of 
an oceanic plate before being subducted is 75 
Ma, it seems unlikely that low-temperature 
re-equilibration affects a considerable part of 
the serpentinized oceanic mantle. 
Another point to consider is that 
serpentinization related to slab bending 
(Ranero et al., 2003) might influence the B and 
Li isotope characteristics of the serpentinized 
mantle. Serpentine and serpentinite formed 
at these conditions should have lighter δ11B 
than ODP Leg 209 samples if they equilibrate 
with seawater at fairly low temperatures. 
However, plate bending and subsequent 
subduction are likely to be faster than re-
equilibration of B and Li isotopes, given 
the low velocity of serpentinization at low 
temperatures. Unfortunately, there are no 
B and Li isotope data from this geodynamic 
setting. Serpentinized peridotites from 
the Mariana fore-arc mantle wedge show 
significant enrichment in 7Li (δ7Li of +10.3‰) 
and 11B (δ11B of +25.3‰), presumably due 
to reaction with subduction-related fluids 
(Benton et al., 2001; Benton et al., 2004). 
However, these data from a mantle wedge 
beneath the upper plate of a subduction zone 
cannot be compared to our data from ODP 
Leg 209. In a subduction scenario, the latter 
should represent the mantle of the lower 
plate which should a-priori not be exposed to 
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slab fluids. Concluding, more B and Li isotope 
data are needed to constrain the evolution 
of δ7Li and δ11B of the oceanic mantle with 
time.
CONCLUSIONS
Serpentinization of peridotite at ODP 1) 
Leg 209 Sites 1272A and 1274A enriched the 
rock in B and 11B and depleted it in Li and 7Li. 
Serpentinization thus led to a considerable 
fractionation of B and Li isotopes.
The ODP Leg 209 rocks and the fluids 2) 
calculated to be in equilibrium with them 
have the heaviest δ11B and the lightest δ7Li 
reported so far. The peridotites were neither 
serpentinized by weathering under seafloor 
conditions nor exposed to the latter after 
serpentinization. Most likely, serpentinization 
was not a single-stage process, but a 
continuous process of fluid-rock interaction, 
with the original seawater changing its B, 
δ11B, Li and δ7Li signature upon reaction. 
Moderate water/rock ratios (~39) 3) 
calculated from the Sr isotopic composition of 
the samples imply an infinite rock reservoir, 
but limited seawater availability. Low water/
rock ratios (~1) already lead to near-final 
δ11B composition of the rock, while δ7Li is 
modified considerably only at higher water/
rock ratios. This suggests that B exchange 
during serpentinization is faster and easier 
than Li exchange. 
There is a fair chance that extremely 4) 
heavy δ11B in serpentinized oceanic mantle 
can be transported into subduction zones, as 
the B budget of the plate is dominated by 
serpentinites. On the contrary, extremely 
light δ7Li in the oceanic mantle is unlikely to 
survive as the Li budget is dominated by the 
oceanic crust, even at small fractions 
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reacting with virtually unchanged seawater.
Li in aqueous solutions is highly hydrated 
and usually assumes tetrahedral coordination 
(Olsher, 1991). It was shown that during 
low-temperature weathering of soils, surface 
water preferentially removes 7Li (Pistiner and 
Henderson, 2003). Seafloor weathering leads 
to a fractionation ∆7Lirock-seawater- of -4‰ (Chan 
et al., 1992; Chan et al., 1993). As shown 
by Vils et al. (2008), Li is leached during 
serpentinization at ODP Leg 209, thus the 
δ7Li of the co-existing fluid becomes lighter 
(Fig. 3.5.C).
Supplementary Table 1 Standard measurements
11
B/
10
B ±2SD
11
B/
10
B δ11B
measured corrected [‰]
NIST SRM 951 4.0518 0.0015 4.0434 -0.05
 (without chemistry) 4.0501 0.0008 4.0417 -0.48
4.0524 0.0013 4.044 0.1
4.0521 0.0012 4.0437 0.03
4.0518 0.0014 4.0434 -0.05
Average 4.0516 0.0016 4.0433 -0.09
NIST SRM 951 4.0509 0.0014 4.0425 -0.27
(through full rock chemistry) 4.0523 0.0014 4.0439 0.08
4.052 0.0014 4.0436 0
4.0522 0.0018 4.0438 0.05
4.0507 0.0025 4.0423 -0.32
4.0534 0.0016 4.0450 0.35
4.0521 0.0008 4.0437 0.02
4.0524 0.0018 4.0440 0.1
Average 4.0520 0.0016 4.0436
87
Sr/
86
Sr ±2σmean ±2SD
NIST SRM 987 0.710236 0.00001
0.710240 0.000008
0.710246 0.000008
0.710241 0.000008
0.710248 0.000011
0.710255 0.000009
Average 0.710244 0.000012
7
Li/
6
Li ±2σmean ±2SD
JB-2 5.8 0.1
4.5 0.5
4.8 0.9
4.9 1.1
4.8 0.6
5.0 0.4
4.8 0.7
5.3 0.5
Average 5.0 0.8
Appendix Table 1 Model parameters for Figure 3.4 (from Liu and
T (°C) 25 60 300
 B(OH)3-B(OH)4 1.027 1.024 1.011
 B(OH)4 - BO4 (in silicate) 1.0137 1.0121 1.0056
 B(OH)3-BO4 (min-sw pH 7) 1.0408 1.0367 1.0188
 min-sw pH 7 -40.8 -36.7 -18.8
 min-sw pH 10 -13.7 -12.1 -5.6
 min- sw pH 8 -36.7 -29.5 -16
  B(OH)3-B(OH)4 in sw -27 -24 -11
sw seawater; min mineral;  fraction;  fractionation factor
APPENDIX: Model parameters 
used for Figure 3.5
For δ11B, we use a combined fractionation 
factor (as for Fig. 3.4), considering the 
equilibrium fractionation between B(OH)3 and 
B(OH)4
-
 in a fluid and the fractionation between 
B(OH)4
- (aq) and silicates (Liu and Tossell, 
2005, and reported in appendix Table 1). For 
B and Li it is assumed that no further isotope 
fractionation takes place when the adsorbed 
species are integrated into the mineral lattice 
(Palmer and Swihart, 1996). For B, we 
calculate the δ11B evolution in fluid and rock 
as a function of temperature at constant pH 
(8.2; Fig. 3.5.A) and as a function of pH at 
constant temperature (200°C; Fig. 3.5.B). For 
Li, we use a minimum fractionation of -4‰ 
(Chan et al., 1992) which was established 
for weathering of basalt on the ocean floor. 
Further on, we apply a maximum fractionation 
of -21‰ (Vigier et al., 2008), assuming the 
Li isotope fractionation between seawater 
and serpentine is similar to that between 
seawater and missing phase in the ocean.
For B, the fluid evolution model is based on 
the assumption of equilibrium between the 
two dissolved B isotopes (10B and 11B) in the 
fluid. As B is removed from the solution by 
reaction with the rock, the tetrahedral form is 
preferentially adsorbed on the mineral surface 
and later integrated into the lattice, according 
to the fractionation between B(OH)4 (aq) and 
BO4 in silicates (Liu and Tossell, 2005). If no 
isotopic fractionation between B(OH)4 and 
BO4 occurs, the adsorbed B has the same 
isotopic signature as the dissolved tetrahedral 
species. As re-equilibration between dissolved 
and adsorbed B occurs, the isotopic ratio of 
the total adsorbed B is at any time equal to 
that of the dissolved tetrahedral species plus 
the mineral fractionation. With proceeding 
fluid-rock interaction, the fraction of 
11B in 
the fluid increases as 10B prefers tetrahedral 
coordination. A rock reacting with an evolved 
fluid that has already lost large parts of its B 
will thus have much heavier δ11B than a rock 
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Chapter IV
Contrasting behaviour of beryllium and 
lithium-boron during seafloor alteration 
and progressive metamorphism: 
a study on the Totalp, Platta 
and Malenco ophiolites
ABSTRACT
The Totalp-Platta-Malenco transect in the Eastern Central Alps offers a unique opportunity 
to study the behaviour of Li, Be and B in ultramafic rocks in response to serpentinization 
and to progressive Alpine metamorphism. These units represent the remnants of a former 
ocean-continent transition that was intensely serpentinized during exposure on the Jurassic 
seafloor of the Ligurian Tethys. From north to the south, three classical isograde reactions 
(chrysotile + talc => antigorite; chrysotile => antigorite + brucite; chrysotile + tremolite => 
antigorite + diopside) have been used to quantify the evolution of the light element content 
of metamorphic minerals. We determined the Li, Be and B concentrations in major silicate 
minerals from the ultramafic bodies of Totalp, Platta and Malenco by secondary ion mass 
spectrometry. Mantle minerals have similar Be concentrations (e.g. <0.001 to 0.009 µg/g in 
olivine) as metamorphic minerals that replace the primary phases (e.g. <0.001 to 0.016 µg/g 
in serpentine). The Be mantle signature is thus neither erased during seafloor alteration nor 
by progressive metamorphism from prehnite-pumpellyite to epidote-amphibolite facies. In 
contrast, the Li and B inventories of metamorphic minerals reflect the chrysotile-to-antigorite 
transition. Both elements display higher concentrations in the low-temperature serpentine 
polymorph chrysotile (max. 156 µg/g Li, max. 318 µg/g B) than in antigorite (max. 0.11 
µg/g Li, max. 12 µg/g B), indicating Li and B decrease during low temperature serpentine 
phase transitions in ultramafic rocks. This contrasting behaviour of the light elements is also 
reflected in the Li and B content of chlorite, which recrystallized during progressive Alpine 
metamorphism.
The Be content of primary mantle clinopyroxene in all peridotite massifs is much higher 
relative to clinopyroxene from the oceanic mantle, but similar to Be values from mantle 
xenoliths and subduction-related peridotite massifs. These data support previous hypothesis 
that the mantle rocks from the Eastern Central Alps have a subcontinental origin. We therefore 
conclude that Be behaves conservatively during prograde metamorphism of ultramafic rocks, 
at least at low-temperature, and thus retains the fingerprint of ancient igneous events in 
mantle peridotites.
 
to be submitted to Geochimica et Cosmochimica Acta
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4.1. Introduction
Fully hydrated peridotites represent the 
largest fluid reservoir along subduction 
zones, and deliver about 10 wt.% bulk fluid to 
sub-arc depth, where antigorite-breakdown 
occurs (Ulmer and Trommsdorff, 1995). 
Transformation of antigorite to olivine and 
orthopyroxene at depth liberates a mobile 
phase, which is partially recycled in back-arc 
volcanoes (e.g. Ryan et al., 1995; Ulmer and 
Trommsdorff, 1995). As dehydration reactions 
during prograde Alpine metamorphism record 
similar paths as during subduction (e.g. 
Evans and Trommsdorff, 1970; Scambelluri 
et al., 1995), mineral isogrades in Alpine 
ophiolite bodies are on-land analogues for 
what is actively going on in the subduction 
zone factory, although some ophiolites are 
overprinted by retrograde metamorphism. 
In general, dehydration reactions favour 
release and removal of mobile elements from 
rocks into a fluid or liquid (e.g. Brenan et al., 
1998). 
Studies on light elements (Li, Be and B) added 
important information to the understanding of 
geological cycles and systems. By squeezing 
out serpentinites at 30 kbar and 750°C, 
Tenthorey and Hermann (2004) showed that 
serpentinites have a potential to release B 
at great depth. Systematic in-situ and whole 
rock studies on light elements in serpentinites 
confirmed an enrichment in B (Bonatti et al., 
1984; Savov et al., 2005; Li and Lee, 2006; 
Pelletier et al., 2008b; Vils et al., 2008) and 
additionally showed depletion in Li (Pelletier 
et al., 2008b; Vils et al., 2008) compared to 
depleted mantle (Salters and Stracke, 2004), 
although depletion in Li is not as pronounced 
as B enrichment. In-situ measurements 
from dredged serpentinites from Hess Deep 
also showed high-temperature enrichment 
in Li during serpentinization (Decitre et al., 
2002). In addition, studies on the δ11B whole 
rock composition of drilled serpentinites 
from Atlantis massif and from ODP Leg 209 
showed that enrichment in 11B is probably 
related to interaction of evolved seawater 
with peridotites (Boschi et al., 2008; Vils et 
al., 2009). 
Compared to B and Li, whole rock data on Be 
from peridotites are quite rare. Calculations 
of the Be content of the primitive mantle 
(0.054 or 0.068 µg/g; McDonough and Sun, 
1995; Lyubetskaya and Korenaga, 2007) or 
the depleted mantle (0.025 µg/g; Salters and 
Stracke, 2004) constrain the low abundance 
of this element in the upper mantle. Recent 
analysis of fresh peridotites from the Pindos 
ophiolite (Greece) revealed whole rock Be 
contents below detection limit (<0.003 µg/g), 
with in-situ Be measurements in all minerals 
below 0.005 µg/g (except pargasite with 
0.012 µg/g; Pelletier et al., 2008b). Dredged 
abyssal peridotites worldwide contain on 
average 0.044 µg/g Be (0.001 to 0.212 
µg/g; Niu, 2004). Estimates based on in-situ 
secondary ion-mass spectrometry (SIMS) 
measurements of ODP Leg 209 samples 
documented a similarly low abundance of 
Be (average <0.003 µg/g; Vils et al., 2008). 
Seawater contains about 0.0002 ng/g Be (Li, 
1982). Seawater alteration is therefore an 
unlikely process to enrich serpentinites in Be 
relative to peridotites. A higher Be content is 
reported in Mariana fore-arc samples (0.07 
to 0.16 µg/g; Zanetti et al., 2006) and from 
peridotites interpreted as modified by slab 
fluids (0.213 to 0.01 µg/g; Brooker et al., 
2004; Paquin et al., 2004; Scambelluri et 
al., 2006). Samples from the metamorphic 
Geisspfad ophiolite in central Switzerland 
display a weak Be enrichment along the 
contact with surrounding gneisses (Pelletier 
et al., 2008a). 
Mineral-fluid partitioning experiments 
performed at 900 °C and 2.0 GPa indicated 
that Be is slightly compatible in clinopyroxene 
and micas (e.g. DBe cpx/fluid = 1.8), but is 
incompatible in garnet or amphibole (e.g. grt/
fluid = 0.0024; Brenan et al., 1998). Similar 
results were obtained from field studies on 
metamorphosed high-pressure oceanic crust. 
Be is highly incompatible in garnet, quartz, and 
talc, but compatible in phengite (e.g. DBe tlc/
fluid= 0.0324; DBe phe/fluid =5.04; Marschall 
et al., 2006; Marschall et al., 2007). 
In metasedimentary rocks from the Catalina 
schist (USA), B/Be ratio decreases (72 to 21) 
with increasing metamorphism (lawsonite-
albite to epidote-amphibolite facies; Bebout 
et al., 1993). Metabasites from the same 
locality show a less pronounced decrease in 
B/Be ratio, but the latter are mostly lower 
than average altered oceanic crust (30, 
Bebout et al., 1993). Decrease in the B/Be 
ratio is related to preferential removal of 
B in H2O-rich fluids during devolatilization 
reactions and, consequently, leads to high B/
Be ratios in back-arc volcanoes (e.g. Bebout 
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et al., 1993; Ryan et al., 1996; Bouvier et al., 
2008). 
Be measurements in sediments and pore 
water from ODP Sites 808, 671 and 672 
showed that Be content in pore water 
increases around detachment faults, and 
potential Be mobilization during pore fluid 
expulsion upon sediment burial is suggested 
(You et al., 1994). The only high-T and high-P 
(850°C and 1.5 GPa) dehydration experiment 
on Be content in serpentinites was conducted 
by Tatsumi and Isoyama (1988). The starting 
material contained 12 to 59.2 µg/g Be. They 
showed that maximal 5% of the total Be can 
be mobilized during dehydration reactions 
in serpentinites. Such a low solubility is in 
line with in-situ measurements of Be and B 
in metamorphic rocks from the Franciscan 
complex and the Catalina schists and the 
higher concentration of Be in partially 
dehydrated veins (Domanik et al., 1993). 
Suspension experiments on biotite and albite 
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Fig. 4.1. Simplified geological map of the Davos-Malenco region (modified after Trommsdorff, 1983; 
Froitzheim et al., 1994; Ulmer and Trommsdorff, 1999; Desmurs et al., 2002) including serpentine 
type occurrence and metamorphic facies from Trommsdorff, 1983). Isogrades are indicated: 1) end 
of reaction I-III (ctt out: clinochrysotile, talc and tremolite (trem) out); 2) start of reaction III with 
brucite in.
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Valmalenco (I) area, along the boundary of 
the overlying Austroalpine nappes (Fig. 4.1). 
The ophiolites and the continental rocks of the 
Austroalpine nappes represent the southern 
part of the Alpine Tethys and the continental 
margin of the Adria (micro-) continent. In 
this study we will focus on three ophiolite 
bodies, from N to the S, Totalp, Platta and 
Malenco. Detailed petrographic studies along 
this transect showed progressive Alpine 
regional metamorphism from prehnite-
pumpellyite facies in the north to greenschist 
facies in the south (Dietrich and Peters, 1971; 
Trommsdorff and Evans, 1974; Trommsdorff, 
1983). In the north, chrysotile/lizardite is the 
dominant serpentine polymorph, with relict 
mantle minerals (Peters, 1963), while in the 
Platta nappe the transition from chrysotile 
to antigorite has been observed (Dietrich, 
1969). In Val Malenco, antigorite is the 
stable serpentine polymorph (Trommsdorff 
and Evans, 1974) with rare, submicroscopic 
inclusions of chrysotile (Mellini, 1987). 
Mantle clinopyroxene can be found as 
relicts throughout these ophiolite bodies 
(Mellini, 1987; Müntener et al., 2004). At 
the contact between exhumed mantle and 
pelagic sediments, ophicarbonates were 
formed, in which calcite partially replaces 
serpentine (Bernoulli and Weissert, 1985; 
Früh-Green et al., 1990; Pozzorini and Früh-
Green, 1996; Desmurs et al., 2001). δ18O of 
ophicarbonates and serpentinites from the 
Totalp-Arosa zone not only confirmed that the 
degree of metamorphism increased towards 
the south, but also suggest that most of 
the serpentinization is related to interaction 
between seawater and peridotite (Früh-
Green et al., 1990). In addition, increasing 
δD (from -120 to -42 ‰) and decreasing 
(Aldahan et al., 1999) demonstrate that Be 
solubility is pH-dependent at low temperature 
(25°C), a result that was later supported by 
studies on the distribution of Be between soil 
and river or seawaters (You et al., 1989). 
In this paper we present Li, Be and B data 
from serpentinized peridotites from the 
Totalp, Platta and Malenco ophiolites, an 
area which represents an ocean-continent 
transition of the mid-Jurassic Piemonte 
Ligurian ocean. All samples presented here 
have been previously investigated in terms 
of whole rock and in-situ major and trace 
elements (Desmurs, 2001; Müntener et 
al., 2004; Müntener et al., 2009), allowing 
us to focus on the behaviour of the light 
elements. We analyzed in-situ major and light 
element contents of the different minerals by 
electron microprobe and secondary ion mass 
spectrometry (SIMS). We evaluated Li, Be 
and B data of the mantle minerals and of the 
metamorphic products and examined their 
significance for monitoring metamorphic and 
primary mantle processes. While Li and B are 
sensitive to metamorphic reactions we infer 
that the Be content remains conservative 
during the replacement of primary mantle 
minerals by their metamorphic counterparts. 
We discuss some implications this might have 
for the interpretation of exhumed peridotites 
and the mantle processes they record. 
4.2. Geological setting 
In the south-eastern part of the Swiss Alps 
(Eastern Central Alps), remnants of the 
Liguria-Piemonte segment of the Mesozoic 
Tethys are exposed. These ophiolite bodies 
belong to the Penninic nappes and form a ~60 
km long N-S section, from Davos (CH) to the 
Table 1 Sample locations and mineral content
(CH-Koord) mantle phases preal. phases oceanic phases alpine met. phases
Sample name massif x y type ol cpx opx spl pg trem chl serp mgt chl di atg chl Ref accessories
To 1 To 780'425 190'200 serp lherzolite x x x x - x (x) x x x - - (x) - FeNiS
To 7 To 782'325 191'200 serp lherzolite x x x x - - (x) x x x - - (x) 1 -
NAP 7 LP 769'500 153'005 serp lherzolite - x - x - - - x x x - - (x) 2 FeNiS, An
NAP 99-2 LP 769'650 152'500 serp lherzolite - x - x - - - x x x - - (x) 2 FeNiS
P 6 LP 770'120 153'310 serp lherzolite - x - x - - - x x - x - - - -
CRP 3 LP 767'750 147'250 serp lherzolite - x - x - - - x x x - - (x) 2 -
STP 5-2 LP 766'350 151'125 serp lherzolite - x - x - - - x x x x - x 1,2 -
VEP 8 UP 772'625 159'675 serp lherzolite - x - x - - - x x - - - - 1,2 FeNiS
FAP 4 UP 771'325 157'650 serp lherzolite - x - - - - - x x x - - - 1,2 tit
Mg 65 MAL 785'760 127'850 serp lherzolite x x - - - - - - - - x x x 1 cc, pv, FeNiS
L-Um 112-4 MAL 784'105 130'720 spl peridotite x x x x x x x - - - - - - 1,3 tc
P-Um 117 MAL 781'460 130'110 serp lherzolite x x - - - - - - x - x x x 1 -
L-Um 216-1 MAL 781'130 128'600 spl peridotite x - - x x x x (x) - - - x - 1,3 cc
L-Um 216-2 MAL 781'130 128'600 spl peridotite x - - x x x x (x) - - - x - 1,3 phl, FeNiS
L-Um 224 MAL 781'070 129'130 spl websterite x x - - - x - (x) x - - x - 3 cc
L-Um 226 MAL 781'130 128'600 spl peridotite x x x x x x x - - - - - - 3 -
1: Müntener et al., 2004; 2: Demurs 2001; 3: Müntener  1997; gran granular; ol olivine; cpx clinopyroxene; di: diopside; opx orthopyroxene; trem 
tremolite; spl spinel; mgt magnetite; serp chrysotie/lizardite; chl chlorite; an andradite, cc calcite; phl phlogopite; pg pargasite; tc talc, tit titanite, pv 
perovskite. crosses in parenthesis indicate that that origin is unclear
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1963). Detailed mapping, mineralogical and 
petrographical studies and a stratigraphic 
description are published in Peters (1963). 
The intermediate ophiolite massif, the 
Platta nappe, is divided in two subunits, the 
lower Platta (LP) and upper Platta (UP) units 
(Cornelius, 1932; Dietrich, 1970; Desmurs, 
2001; Desmurs et al., 2002). The LP consists 
of basalts, gabbros, serpentinized mantle, 
sedimentary rocks and extensional allochthons. 
The UP (NW part of the Platta nappe) contains 
basalts, serpentinized mantle, sediments and 
extensional allochthons. The UP unit probably 
originated closer towards the continental 
margin than the LP unit. Preserved spinel 
foliation and parallel pyroxenite bands indicate 
equilibration within the spinel stability field 
(Desmurs, 2001). The LP (closer to the ocean) 
is mostly less deformed and pyroxenite-poor 
(Desmurs, 2001). Detailed geological maps 
and a stratigraphic description are given by 
Dietrich (1970).
South of the Engadine Line, the Malenco 
(MAL) ophiolite body is composed of gabbros, 
dunites, spinel-peridotites, pyroxenites, 
rodingites (mafic dikes) and ophicarbonates 
(Müntener and Hermann, 1996). During 
Alpine metamorphism, the Malenco nappe 
recrystallized under epidote-amphibolite 
facies conditions (0.5 to 0.7 GPa and 450 to 
500°C; Guntli and Liniger, 1989; Hermann, 
1997). In the late Tertiary, the Western part of 
the Val Malenco complex was intruded by the 
Bregaglia intrusion (tonalite and granodiorite). 
Related contact metamorphism led to a partial 
amphibolite facies overprint (e.g. Trommsdorff 
and Evans, 1972; Burkhard and O’Neil, 1988). 
Antigorite is the only serpentine phase found 
in the MAL area, although submicroscopic 
chrysotile occurrences are found (Mellini, 
1987). A detailed map and cross sections 
are published by Montrasio et al. (2005) and 
commented by Trommsdorff et al. (2005). 
4.3. Analytical techniques
Major and light element analyses follow 
the same procedure and machine set-up as 
previously described by Vils et al. (2008). 
The major element compositions of olivine, 
clinopyroxene, orthopyroxene, spinel, 
magnetite, amphibole, chlorite and serpentine 
minerals (Appendix A) were determined 
by electron microprobe analysis (EPMA) 
using a JEOL JXA-8200 (University of Bern, 
δ18O (from +10 to +7.4 ‰) from the Totalp 
to the Malenco serpentinites reflect regional 
metamorphism, but some Malenco antigorites 
still contain an oceanic signature (Burkhard 
and O’Neil, 1988). 
The ophiolites exposed in the Totalp, 
Platta, and Malenco units represent a type 
example of an ocean-continent transition 
zone (Manatschal and Müntener, 2009). The 
mantle rocks in these units are characterized 
by a largely serpentinized peridotite 
basement intruded and/or covered by small 
or moderate volumes of mafic rocks, and the 
lack of a “complete” ophiolite stratigraphy. 
The close association of serpentinite, diabase 
and radiolarites (known as the ‘Steinmann 
trinity’) was first described by Steinmann, 
1905, for a historical perspective, see 
Bernoulli et al. (2003). Serpentinized 
peridotites in the Platta area are commonly 
overlain by ophicalcites, representing tectono-
sedimentary breccias related to mantle 
exhumation (Desmurs et al., 2001). In the 
Eastern Central Alps extensional allochthons 
of continental basement rocks and their pre- 
and syn-rift sedimentary cover locally overlie 
the exhumed mantle rocks (Manatschal and 
Nievergelt, 1997). The serpentinized mantle 
rocks are in places stratigraphically overlain 
by Jurassic radiolarites indicating that they 
must have been uplifted from mantle depth to 
the sea floor in Mesozoic times. On the other 
hand, field evidence showed that the mantle 
rocks in Val Malenco represent a fragment 
of subcontinental mantle in Permian times, 
welded to the lower crust by a tholeiitic 
gabbro intrusion (Müntener and Hermann, 
1996). Radiometric age determinations (U-Pb 
on zircons) showed that crystallization of the 
gabbro and partial melting of the lower crust 
were coeval and of Permian age (Hansmann 
et al., 2001; Hermann and Rubatto, 2003). 
There is thus evidence that some of the 
mantle exposed on the seafloor in Mesozoic 
times has a subcontinental origin.
In the following, we describe rock occurrence 
from N to the S within the three ophiolite 
bodies. The northernmost massif, the Totalp 
ophiolite (TO) consists of serpentinite, 
pyroxenite (rare garnet-pyroxenite), diabase, 
ophicarbonates and pelagic sediments (Peters, 
1963). Regional metamorphism overprinted 
the Totalp peridotite along the contact zones 
with the surrounding gneisses (e.g. formation 
of prehnite-bearing assemblages; Peters, 
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Switzerland). An accelerating potential of 15 
kV, a beam current of 20 nA and counting 
times of 30 s for Si, Al, Mg and Na and 20 s 
for the other elements were used. Minerals 
and synthetic oxides were used as standards. 
Samples were analyzed with a spot size of 
approximately 1 µm (see Vils et al., 2008 for 
details about serpentine analysis). 
Li, B and Be were analyzed in-situ on 
polished thin sections by Secondary Ion Mass 
Spectrometry (SIMS) using a modified Cameca 
IMS 3f ion microprobe at the Mineralogical 
Institute of Heidelberg, Germany. A 14.5 
keV/ 20 nA 16O- primary beam with ~30 
µm diameter and acceleration to a nominal 
energy of 4.5 keV for the positive secondary 
ions was used. Secondary 7Li, 9Be, 11B and 
30Si ions were collected applying the energy 
filtering method using an offset of 75 eV at a 
mass resolution of ~1030 (m/Δm, 10%) and 
a nominal imaged field of 25 mm. Secondary 
ion intensities were normalized to the count 
rates of 30Si and calibrated against the NIST 
SRM610 glass reference material using the 
concentrations (preferred averages) reported 
in Pearce et al. (1997); the accuracy is 
estimated to be < 20% for Li and < 10% for 
Be and B (Ottolini et al., 1993). Li, B and Be 
concentrations were quantified using the SiO2 
values of the corresponding EPMA analysis. 
The setup chosen and the background lead 
to a detection limit (critical value) of 1.4 ng/g 
(Li), 1.0 ng/g (Be) and 2.6 ng/g (B; Currie, 
1968; Marschall and Ludwig, 2004). 
Due to the generally low concentration levels 
of Li, Be and B in mantle rocks, contamination 
during sample preparation and handling is 
always problematic, particularly for B (Shaw 
et al., 1988). Careful sample preparation is 
thus a necessary prerequisite for accurate 
analyses. The standard protocol established 
by Marschall and Ludwig (2004) was used to 
prepare the thin sections for this study at the 
Geological Institute of Neuchâtel resulting 
in B contamination levels of <2 ng/g. Li 
contamination is typically 50 times less than 
for B, and Be does not show any sign of 
contamination. 
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Fig. 4.2: Backscattered images of some studied samples, illustrating the textural difference between 
the massifs. A) sample To1 B) sample fap4 C) sample crp3 D) samples pum 117 (cpx clinopyroxene, 
di alpine diopside, ol olivine, tit titanite, serp serpentine, chl chlorite, spl spinel, mgt magnetite).
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4.4. Sample characteristics
Mineral compositions and investigated 
rock types are summarized in Table 1. All 
samples are partially to completely altered 
with estimated serpentinization degrees of 
20 to 95% (Fig. 4.2). The texture is mostly 
porphyroclastic. Only sample P 6 has a 
mylonitic texture with ‘augen’-like, elongated 
pyroxene porphyroclasts. Clinopyroxene 
(cpx) occurs throughout the samples (except 
sample L-Um 216). Cpx in sample P-Um 117 
is Alpine metamorphic diopside crystallized in 
elongated clusters within a vein (Fig. 4.2). 
Mantle olivine (ol) and orthopyroxene (opx) 
are commonly found in the Totalp and Malenco 
region, but very rare in the Platta ultramafic 
rocks. Opx and cpx contain exsolution 
lamellae of the complementary pyroxene. 
Ti-rich primary amphiboles and tremolite 
are commonly found in Totalp and Malenco 
samples. Talc, phlogopite and a nickel-iron-
sulfide occur are accessory phases in some 
samples. Magnetite is usually associated 
with serpentine, while primary Cr-spinel can 
be found in relatively unaltered peridotites 
and in some strongly serpentinized samples. 
Serpentine (serp) and chlorite are the most 
common secondary phases formed after 
mantle phases. In the samples studied 
chrysotile is the serpentine phase occurring 
in the TO, UP and LP massif, while antigorite 
occurs in the MAL massif. Serpentine forms 
pseudomorphic textures after opx (bastite) 
and ol (meshes; using nomenclature after 
Wicks and Whittaker, 1977), rare serpentine 
veins are also present. Veins of calcite occur 
in samples Mg 65, L-Um 224 and L-Um 216-
2. Chlorite occurs throughout the samples. 
Two different chlorite formation events are 
postulated, one prealpine and the other 
(Müntener et al., 2000), although separation of 
the two is not trivial. Andradite (hydrogarnet) 
was identified in sample NAP 7, titanite was 
found in sample FAP 4 and perovskite in sample 
MG 65. In general the microtextures suggest 
that ol is primarily replaced by serp, while 
opx is often partially or completely replaced 
by talc in Malenco samples. Metamorphic 
tremolite is usually replacing primary cpx, 
but might also occur as coronas around opx 
(for details, see Müntener et al., 2000 and 
Desmurs et al., 2001). 
4.5. Mineral chemistry
Mineral compositions are listed in Appendix 
A. Here we summarized the most important 
results. 
4.5.1 Mantle phases
Olivine from MAL has Mg# ranging from 0.86 
to 0.91. This overlaps with olivine from TO 
(average 0.89). NiO contents vary between 
0.17 and 0.37 wt% (MAL), 0.17 and 0.27 
wt% (TO) respectively. Our samples from LP 
and UP contain no ol (Table 1). 
Orthopyroxenes found in 4 samples and 
show variations in Al2O3 (2.52 to 4.19 wt%) 
and SiO2 content (54.9 to 56.8 wt%). CaO 
content is low (0.25 to 0.48 wt%). Mg# 
ranges from 0.90 to 0.91, similar to olivine. 
Mantle clinopyroxene (cpx) and Alpine 
metamorphic diposide occur throughout the 
three massifs (Table 1). The Mg# of mantle 
cpx varies between 0.90 to 0.92. CaO contents 
range from 20.5 to 24.0 wt% and Al2O3 varies 
between 1.74 and 6.75 wt%. Alpine diopside, 
in contrast, has Mg# varying between 0.91 
and 0.97 and Al2O3 ranging from 0.03 to 0.87 
wt%.
Spinel grains often display holly leave 
structures and may be Al- or Cr-rich (Müntener, 
1997; Desmurs, 2001). Al-rich spinel is found 
only in the MAL and TOT ophiolite. 
Two types of amphiboles occur throughout 
the three massifs, a Ti-rich amphibole (Ti-
pargasite or kaersutite) and a Mg-hornblende 
to tremolitic amphibole  (Appendix A). Ti-
pargasite contains 0.48 to 5.87 wt% TiO2 
and Mg# varies between 0.89 and 0.91 %. In 
tremolite the Mg# ranges from 0.94 to 0.96 
%. TiO2 content is much lower than that of Ti-
pargasite (0.03 to 0.25 wt%). Cr2O3 content 
varies between 0.08 and 0.51 wt%.
4.5.2 Metamorphic phases
The most abundant metamorphic formed 
phases are serpentine and chlorite (Table 1). 
They are often intergrown and could not be 
analysed separately. In order to distinguish 
an analysis comprising mostly serpentine 
from one representing mainly chlorite, a 
maximum of 4 wt% Al2O3 for serpentine was 
used. Serpentine minerals have variable SiO2 
(38.68 and 42.57 wt%), and FeO ranges from 
3.07 to 8.66 wt%. Al2O3 varies between 0.10 
and 2.82 wt%. Chlorite has variable Al2O3 
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content ranging (from 12.01 to 17.54 wt%) 
and SiO2 (from 32.03 to 35.18 wt%). TiO2 
and Cr2O3 contents are below detection limit. 
As additional oxide, magnetite is common 
within the studied samples. Some less 
abundant minerals have not been analysed 
by EMP (calcite, an iron-nickel sulfide), and 
others have rarely been analysed (titanite, 
phlogopite talc and andratite). Titanite 
contains 32.25 wt% TiO2 and 31.41 wt% 
SiO2. Phlogopite contains high amounts of 
TiO2 (average 1.35 wt%). Talc is rich in Cl 
(3.42 wt%). Andradite contains 35.29 wt% 
SiO2.
4.6. Light elements 
As Pelletier et al. (2008a) could show for 
the Geisspfad ophiolite in the Alps, fluids 
from country rock influence the light element 
content in an ophiolite body only within the 
outermost 100 to 150 m. In order to avoid 
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any influence of the country rocks or the 
Bergaglia intrusion all analysed samples 
were chosen carefully (Fig. 4.1). Li, Be and 
B concentrations of mantle and metamorphic 
phases are listed in Tables 2, 3, 4 and 5, 
and are displayed in Figs. 4.3 to 4.7. Be 
concentration within all studied minerals of the 
three ophiolites ranges from below detection 
limit (<0.001) to 0.898 µg/g (Fig. 4.3). Be 
is highest in clinopyroxenes and amphiboles 
and lowest in olivine, serpentine and chlorite. 
Within one mineral type no major difference 
in Be concentration occurs (Fig. 4.3), while Li 
and B concentrations vary between the three 
massifs (e.g. chlorite Fig. 4.4 or serpentine 
in Fig. 4.5). 
Light element concentrations in olivine from 
the Totalp peridotite massif ranges from 1.45 
to 1.83 µg/g for Li, is <0.001 for Be and 
from 0.04 to 0.07 µg/g for B. In the Malenco 
massif, olivine displays more than two orders 
of magnitude variation in the Li content, 
varying between 0.01 and 4.97 µg/g, and 
similar results are obtained for B (0.04 to 
1.46 µg/g). Be varies between <0.001 and 
0.009 µg/g. 
Average light element contents of 
orthopyroxene from the Totalp and Malenco 
massifs (0.21 µg/g (Li), 0.013 µg/g (Be) and 
0.23 µg/g (B)) are generally lower than those 
of olivine. The variability of B concentrations 
is minimal over the two massifs, but the Li 
content is lower, and the Be content is higher 
in the Malenco massif (Li: average 0.11 µg/g, 
compared to average 0.35 µg/g; Be: average 
0.0167  µg/g  compared to average to 0.0068 
µg/g, respectively). 
Clinopyroxenes from the TO massif have 
Li content ranging from 0.25 to 1.89 µg/g, 
the Be content varies between 0.03 and 
0.06 µg/g and B content ranging from 0.04 
to 2.13 µg/g. Clinopyroxene from the Upper 
Platta unit has Li concentrations varying 
between 0.17 and 13.68 µg/g, Be between 
0.008 and 0.099 µg/g and B concentrations 
between 0.04 and 110.89 µg/g. Lower Platta 
Table 2: SIMS analyses of olivine, orthopyroxene, tremolite, Ti-pargasite, phlogopite
Sample Li 2 sigma Be 2 sigma B 2 sigma Sample Li 2 sigma Be 2 sigma B 2 sigma
(g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g)
Olivine MAL lum226c1op1 0.029 0.005 0.019 0.004 0.088 0.018
TO to1c2ol1 1.563 0.051 b.d.l. - 0.050 0.010 MAL lum226c1op5 0.026 0.006 0.019 0.004 0.048 0.012
TO to1c2ol7 1.609 0.045 b.d.l. - 0.042 0.014 MAL lum226c1op10 0.015 0.003 0.012 0.003 0.072 0.019
TO to1c2ol1 1.456 0.043 b.d.l. - 0.042 0.009 MAL lum226c3op1 0.019 0.003 0.012 0.003 0.054 0.018
TO to7c2ol4 1.837 0.058 b.d.l. - 0.075 0.018 MAL lum226c3op3 0.025 0.007 0.014 0.004 0.061 0.020
TO to7c2ol1 1.811 0.070 0.001 0.001 0.069 0.015 MAL lum226c3ol2 0.997 0.054 0.026 0.003 0.420 0.052
TO to7c2ol6 1.751 0.031 b.d.l. - 0.057 0.009 MAL lum226c3op5 0.022 0.005 0.018 0.004 0.047 0.007
MAL lum112c3ol2 1.509 0.232 b.d.l. - 0.104 0.006 MAL lum226c3ol3 0.021 0.005 0.015 0.003 0.062 0.009
MAL lum117c2tr9 0.124 0.016 0.004 0.006 1.461 0.058
MAL lum216-1c1ol1 1.335 0.059 b.d.l. - 0.049 0.015 Tremolite
MAL lum216-c1-ol1 1.139 0.042 b.d.l. - 0.107 0.028 MAL lum112c1cp4a 0.266 0.015 0.055 0.005 0.068 0.007
MAL lum216-c2-ol1 1.244 0.046 b.d.l. - 0.154 0.042 MAL lum216_2c3sr5 0.283 0.112 0.054 0.210 1.014 0.308
MAL lum216-c2-ol5 1.091 0.061 b.d.l. - 0.173 0.019 MAL lum216_2c3sr5 0.283 0.112 0.054 0.210 1.014 0.308
MAL lum216_2c3ol6 3.043 0.102 0.001 0.001 0.070 0.013 MAL lum216-1c1am1 7.081 0.138 0.154 0.011 1.464 0.068
MAL lum216_2c1ol1 2.362 0.238 0.001 0.001 0.063 0.022 MAL lum216-1c1am1 7.081 0.138 0.154 0.011 1.464 0.068
MAL lum216_2c1ol7 2.700 0.061 0.001 0.001 0.074 0.016 MAL lum216-1c1am3 1.710 0.083 0.080 0.007 2.160 0.190
MAL lum216_2c1ol8 2.826 0.117 b.d.l. - 0.068 0.024 MAL lum216-1c1am3 1.710 0.083 0.080 0.007 2.160 0.190
MAL lum216_2c1ol5 2.679 0.082 0.001 0.002 0.057 0.021 MAL lum216-c1-am3xx 2.456 0.049 0.113 0.010 2.928 0.092
MAL lum216_2c1ol4 2.556 0.099 0.001 0.002 0.070 0.011 MAL lum216-c1-am3xx 2.456 0.049 0.113 0.010 2.928 0.092
MAL lum216_2c3col10 2.650 0.083 b.d.l. - 0.071 0.015 MAL lum216-c2-am1 0.033 0.011 0.084 0.012 1.673 0.107
MAL lum216_2c4ol3 2.154 0.052 0.002 0.003 0.080 0.023 MAL lum216-c2-am1 0.033 0.011 0.084 0.012 1.673 0.107
MAL lum216_2c4ol2 2.450 0.064 b.d.l. - 0.095 0.030 MAL lum216-c2-am5 0.227 0.021 0.078 0.010 3.617 0.293
MAL lum216_2c4ol4 2.886 0.096 b.d.l. - 0.084 0.021 MAL lum216-c2-am5 0.227 0.021 0.078 0.010 3.617 0.293
MAL lum216_2c3sol3 2.754 0.063 b.d.l. - 0.097 0.028 MAL lum224c3ol2 (am) 0.989 0.060 0.165 0.017 4.364 0.190
MAL lum226c1ol2 0.013 0.004 0.009 0.002 0.039 0.008 MAL lum224c3ol2 (am) 0.989 0.060 0.165 0.017 4.364 0.190
MAL lum226c1ol3 0.198 0.018 b.d.l. - 0.054 0.016 MAL lum224c3ol3 (am) 1.019 0.030 0.161 0.011 4.170 0.130
MAL lum226c4ol3 1.847 0.036 b.d.l. - 0.073 0.019 MAL lum224c3ol3 (am) 1.019 0.030 0.161 0.011 4.170 0.130
MAL lum226c1ol1 1.959 0.058 0.003 0.002 0.092 0.016 MAL lum224c3ol4 (am) 0.902 0.039 0.184 0.015 5.406 0.145
MAL mg65c4ol1 0.882 0.041 b.d.l. - 2.044 0.075 MAL lum224c3ol4 (am) 0.902 0.039 0.184 0.015 5.406 0.145
MAL lum224c1ol2 3.865 0.075 b.d.l. - 0.103 0.029 MAL lum226c3am1+2 0.043 0.004 0.289 0.017 0.367 0.034
MAL lum224c2ol1 3.997 0.039 0.002 0.001 0.396 0.033 MAL lum226c3am1+2 0.043 0.004 0.289 0.017 0.367 0.034
MAL lum224c2ol9 4.974 0.114 b.d.l. - 0.175 0.026 MAL lum226c4am2 0.043 0.011 0.379 0.029 0.353 0.048
MAL lum224c2ol2 1.279 0.052 b.d.l. - 0.545 0.044 MAL mg65c4orgcp3 0.158 0.016 0.130 0.010 0.685 0.032
Orthopyroxene Ti-pargasite
TO to1c2op3 0.494 0.020 0.005 0.001 0.304 0.035 MAL lum112c2cp3 0.175 0.013 0.238 0.015 0.154 0.014
TO to1c2op5 0.218 0.008 0.007 0.001 1.135 0.077 MAL lum112c2cp4 0.198 0.018 0.235 0.028 0.149 0.018
TO to1c2op1 0.341 0.027 0.007 0.002 0.129 0.020 MAL lum216_2c3cp2 0.030 0.005 0.337 0.012 0.169 0.017
TO to1c2op4 0.775 0.044 0.006 0.002 1.674 0.154 MAL lum226c3cp1 0.087 0.010 0.090 0.008 0.059 0.018
TO to1c1op4 0.158 0.012 0.006 0.002 0.034 0.008 MAL mg65c4cp8 0.094 0.012 0.017 0.004 0.192 0.020
TO to7c1ol2 0.121 0.020 0.003 0.002 0.022 0.008
TO to7c1ol4 0.257 0.017 0.007 0.002 0.029 0.010 Phlogopite
TO to7c1ol1 0.115 0.008 0.006 0.003 0.140 0.021 MAL lum216_2c3amph2 0.041 0.013 0.025 0.007 0.342 0.067
TO to7c2op2 0.170 0.020 0.011 0.003 0.421 0.044 MAL lum216_2c3amph1 0.069 0.011 0.020 0.004 0.249 0.034
TO to7c2op4 0.848 0.101 0.010 0.004 0.538 0.056 MAL lum216_2c3amph3 0.047 0.010 0.028 0.004 0.306 0.058
MAL lum112c3ol3 0.112 0.002 0.012 0.010 0.101 0.013 MAL lum216_2c3amph5a 0.078 0.009 0.017 0.004 0.288 0.034
MAL lum112c1op1 0.073 0.009 0.019 0.001 0.059 0.011 MAL lum216_2c3amph5b 0.076 0.009 0.018 0.004 0.294 0.043
MAL lum112c1op3 0.110 0.007 0.016 0.004 0.059 0.010
MAL lum112c1ol7 0.081 0.003 0.016 0.003 0.055 0.001
MAL lum112c1op8 0.110 0.011 0.015 0.001 0.046 0.013
MAL lum112c2op4 0.145 0.040 0.019 0.004 0.309 0.008
MAL lum112c2op7 0.036 0.004 0.018 0.003 0.056 0.003
MAL lum112c2op1 0.090 0.005 0.020 0.005 0.051 0.002
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clinopyroxene have Li concentrations ranging 
from 0.12 to 4.47 µg/g, Be concentrations 
varying from 0.005 to 0.89 µg/g and B 
concentrations varying between 0.03 and 
41.56 µg/g. Malenco clinopyroxene contains 
0.01- 8.70 µg/g Li, less than 0.13 µg/g Be 
and 0.04-3.21 µg/g B.
The two amphiboles occurring in the MAL 
massif have a distinct light element signal. 
Tremolite displays highly variable Li and B 
concentrations (Li: 0.03 to 7.08 µg/g; B: 
0.07 to 5.41 µg/g) and Be concentrations up 
to 0.29 µg/g (Table 2). Ti-pargasite on the 
contrary is more homogeneous and has low 
Li and B contents (Li: 0.03 to 0.20 µg/g; B: 
0.06 to 0.19 µg/g), while the Be content is 
similar (0.02 to 0.34 µg/g).
Chlorites have highly variable Be 
concentrations from <0.001 to 0.078 µg/g. 
TO, LP and UP show higher Li (>0.87 µg/g), 
higher B (>6.48 µg/g) content and similar 
variation in Be concentration compare to MAL 
(Fig. 4.4). MAL samples are much lower in Li 
(down to 0.003 µg/g) and B (down to 0.59 
µg/g) compared to the other massifs. 
Serpentines in the Malenco ultramafic rocks 
have Li concentrations below 0.12 µg/g 
(0.003 to 0.12 µg/g), while in the Platta and 
Totalp ultamafic rocks, Li reaches values up to 
156.86 µg/g (Fig. 4.5). Be content is similar 
in all three massifs, varying between <0.001 
and 0.237 µg/g-concentration is generally 
high in the Totalp peridotite (<0.001 to 0.014 
µg/g), the upper Platta (0.001 to 0.039 µg/g) 
and the lower Platta unit (<0.001 to 0.237 
µg/g) compared to antigorite serpentine 
from Malenco, ranging from <0.001 to 0.016 
µg/g. 
Andradite from LP (NAP 7) contains 12.48 
µg/g Li, 0.009 µg/g Be and 35.80 µg/g B 
based on a single analyse. Phlogopite has Li 
content varying between 0.04 and 0.08 µg/g, 
Be ranging from 0.017 to 0.028 µg/g and B 
varying between 0.25 and 0.34 µg/g. 
4.7. Discussion
4.7.1 Influence of prograde 
metamorphism on Be
Comparing Be contents of different Ca-
phases (tremolite-pargasite-cpx) within the 
MAL massif reveals that they have similar 
Be concentrations, with exception of vein 
diopside (Fig. 4.3). A similar behaviour is 
observed with for the Mg-phases (opx-tlc-
phl and ol-serp). Comparing TO, LP, UP and 
MAL similar Be concentrations for cpx, opx, 
serp and chl were measured (Fig. 4.3, Tables 
2-4). Thus the data seems to indicate that 
the Be content does not vary with increasing 
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metamorphic grade. 
Our findings are in general consistent with 
previous studies on the behaviour of light 
elements. Li, Be and B are regarded as fluid 
mobile (Brenan et al., 1998) and are thus 
expected to be enriched in the extracted 
fluids during prograde metamorphism, with 
the consequence that primary minerals 
should display slightly higher light element 
concentration compared to secondary minerals. 
In-situ measurements by inductively coupled 
plasma emission spectrometry on minerals 
from the Catalina schists showed that Be is 
not fluid-mobile within a subduction zone, 
as primary minerals and secondary minerals 
formed under high-grade metamorphism 
have similar Be concentration Bebout et al. 
(1993). On the other hand limited Be mobility 
at high-grade metamorphism was suggested 
by Domanik et al. (1993). The findings of the 
latter are also in line with the experiments of 
Tatsumi and Isoyama (1988). 
We infer that Be concentrations within mantle 
minerals is thus probably following a two-
stage process: (A) at low T and P and common 
fluid compositions, any phase transformation 
related to serpentinization keeps mineral Be 
content stable suggesting limited mobility of 
Be during low-temperature alteration. (B) at 
high-temperature (850-900°C) and pressure 
(1.5-2.0 GPa), as experiments suggest 
(Tatsumi and Isoyama, 1988; Brenan et al., 
1998), Be displays some mobile behaviour 
and can therefore be slightly enriched within 
the mantle wedge or subcontinental mantle. 
The MAL ophiolite preserved a complex 
history preserved in minerals formed under 
mantle conditions to Alpine metamorphism 
(Müntener, 1997). Mantle relicts are olivine, 
clinopyroxene, orthopyroxene, spinel and 
Ti-pargasite. During exhumation of the 
peridotites retrograde hydration reactions at 
elevated temperature formed talc, chromite, 
chlorite, Mg-hornblende to Na-rich tremolite 
(Müntener et al. 2000). Brucite, ilmenite, 
magnetite, chlorite and serpentine minerals 
such as chrysotile and lizardite formed 
during low temperature alteration of the 
ultramafic rocks on the seafloor. During Alpine 
convergence, progressive metamorphism 
Table 3: SIMS analyses of clinopyroxenes
Sample Li 2 sigma Be 2 sigma B 2 sigma Sample Li 2 sigma Be 2 sigma B 2 sigma
(g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g)
TO to1c2cp3 0.355 0.020 0.041 0.005 0.037 0.010 UP vep8c2cp1 1.057 0.025 0.054 0.005 0.044 0.014
TO to1c2cp5 0.512 0.020 0.052 0.005 0.110 0.014 UP vep8c2cp4 0.902 0.050 0.054 0.005 0.092 0.023
TO to1c2cp2 0.525 0.023 0.046 0.008 0.255 0.033 UP vep8c4op4 1.355 0.043 0.052 0.007 0.041 0.012
TO to1c1cp3 0.824 0.033 0.051 0.006 0.091 0.020 UP vep8c4cp1 1.859 0.051 0.057 0.005 0.046 0.010
TO to1c1cp4 0.249 0.014 0.034 0.004 1.021 0.048 UP vep8c4op2 0.799 0.036 0.057 0.005 0.171 0.029
TO to7c4cp2 1.326 0.024 0.048 0.008 0.055 0.014 UP vep8c4cp7 0.907 0.042 0.057 0.006 0.045 0.011
TO to7c4cp4 1.372 0.052 0.049 0.008 0.697 0.054 UP vep8c4cp3 0.841 0.035 0.064 0.007 0.049 0.008
TO to7c1cp1 1.389 0.064 0.047 0.007 2.134 0.091 UP vep8c4cp2 1.619 0.055 0.053 0.008 0.044 0.014
TO to7c1cp4 1.892 0.052 0.048 0.004 0.325 0.053 UP fap4c2cp1 69.504 1.289 0.075 0.010 110.891 1.998
TO to7c1cp12 1.206 0.057 0.043 0.005 0.054 0.015 UP fap4c2cp2 5.077 0.124 0.008 0.003 98.820 1.988
TO to7c1cp9 0.976 0.037 0.061 0.008 0.073 0.014 UP fap4c2cp5 1.239 0.036 0.104 0.011 0.485 0.047
LP nap7c1cp1 1.762 0.061 0.125 0.010 0.995 0.061 UP fap4c3cp2 2.300 0.116 0.104 0.007 0.686 0.073
LP nap7c1cp5 1.357 0.041 0.122 0.007 0.617 0.039 UP fap4c4cp9 1.732 0.034 0.100 0.009 1.490 0.058
LP nap7c1cp8 1.789 0.046 0.122 0.007 0.136 0.020 MAL lum112c1cp5a 0.204 0.014 0.052 0.007 0.059 0.016
LP nap7c3cp2 2.536 0.058 0.146 0.008 4.195 0.093 MAL lum112c1cp5 0.091 0.006 0.019 0.002 0.036 0.010
LP nap7c3cp8 2.249 0.051 0.114 0.012 6.096 0.171 MAL lum112c1cp2 0.102 0.010 0.016 0.003 0.046 0.008
LP napc2cp1 1.942 0.031 0.131 0.005 1.803 0.091 MAL lum117c1tr5 0.455 0.118 0.082 0.037 3.207 0.483
LP napc3cp3 1.412 0.049 0.140 0.010 2.324 0.126 MAL lum117c3tr8 0.091 0.029 0.013 0.015 2.369 0.279
LP napc5cp7 1.547 0.141 0.182 0.069 0.199 0.076 MAL lum117c1tr1 4.003 0.648 b.d.l. - 1.636 0.438
LP napc5cp1 0.321 0.016 0.627 0.019 25.523 0.301 MAL lum117c1tr2 0.313 0.116 0.047 0.033 1.030 0.305
LP napc5cp9 0.171 0.005 0.898 0.023 29.121 0.328 MAL lum117c3tr3 0.022 0.004 0.001 0.001 2.236 0.041
LP nap99-2c5cp4 1.559 0.039 0.129 0.005 0.653 0.051 MAL lum117c3tr9 0.014 0.004 0.001 0.001 1.543 0.085
LP nap99-2c5cp8 1.527 0.044 0.131 0.015 0.218 0.032 MAL lum117c2tr3 0.095 0.014 0.002 0.001 0.901 0.070
LP nap99-2c5cp10 1.606 0.051 0.109 0.009 0.422 0.042 MAL lum117c2tr6 0.017 0.003 b.d.l. - 0.876 0.048
LP nap99-2c4cp1 0.808 0.028 0.115 0.020 41.560 0.832 MAL lum117c2tr5 0.077 0.007 b.d.l. - 1.162 0.064
LP nap99-2c4cp11 1.552 0.031 0.123 0.014 3.672 0.272 MAL lum117c2tr2 0.240 0.024 0.060 0.004 1.521 0.096
LP nap99-2c4cp8 2.427 0.051 0.136 0.022 6.632 0.199 MAL lum117c2tr2a 0.267 0.035 0.031 0.005 1.170 0.061
LP nap99-2c1cp9 1.724 0.062 0.127 0.016 1.041 0.116 MAL lum117c2tr1 3.971 0.386 0.114 0.007 0.580 0.056
LP nap99-2c3cp4 1.549 0.023 0.126 0.005 0.150 0.022 MAL lum117c2sr6 0.101 0.015 0.002 0.002 1.377 0.105
LP nap99-2c3cp2 1.485 0.051 0.103 0.012 0.120 0.021 MAL lum226c1cp10 0.061 0.012 0.116 0.010 0.099 0.030
LP nap99-2c4cp9 0.498 0.026 0.071 0.011 18.204 0.340 MAL lum226c4cp3 0.101 0.010 0.112 0.015 0.065 0.013
LP nap99-2c5cp7 1.951 0.027 0.123 0.014 2.422 0.085 MAL lum226c4cp1 0.168 0.013 0.133 0.010 0.075 0.018
LP crp3c7cp2 2.888 0.143 0.070 0.013 2.480 0.130 MAL lum226c3cp4 0.082 0.011 0.101 0.007 0.069 0.014
LP crp3c1cp9 4.470 0.098 0.105 0.011 2.569 0.211 MAL lum226c1cp6 0.115 0.011 0.097 0.014 0.162 0.020
LP crp3c1cp6 0.964 0.036 0.085 0.008 0.032 0.014 MAL lum226c1cp9 0.112 0.019 0.128 0.015 0.058 0.017
LP crp3c1cp1 1.621 0.067 0.077 0.008 0.445 0.061 MAL lum226c1cp1 0.076 0.012 0.125 0.015 0.063 0.019
LP crp3c8cp5 1.001 0.054 0.107 0.012 0.129 0.021 MAL lum224c2cp1 4.221 0.096 0.100 0.010 0.057 0.018
LP crp3c8cp1 1.107 0.051 0.084 0.005 0.207 0.018 MAL lum224c2cp3 4.790 0.107 0.117 0.008 0.076 0.014
LP crp3c7cp1 1.922 0.058 0.099 0.013 0.087 0.025 MAL lum224c2cp5 7.091 0.141 0.126 0.009 0.262 0.039
LP crp3c7cp2-5 1.595 0.067 0.305 0.019 28.622 0.318 MAL lum224c2cp6 8.699 0.105 0.098 0.014 0.717 0.078
LP crp3c7cp2-4 0.386 0.030 0.137 0.013 5.721 0.249 MAL mg65c4cp5 0.036 0.005 0.004 0.001 1.483 0.049
LP crp3c7cp2-1 0.402 0.029 0.201 0.019 22.827 0.356 MAL mg65c4cp4 1.734 0.057 0.032 0.003 0.463 0.043
LP crp3c8cp6 1.298 0.023 0.092 0.011 3.483 0.127 MAL mg65c3cp4 0.070 0.009 0.047 0.007 0.637 0.041
LP stp5-2c3cp2 1.356 0.044 0.522 0.020 34.148 0.500 MAL mg65c5cpx3 0.118 0.012 0.025 0.004 0.187 0.032
LP stp5-2c3cp1 1.151 0.043 0.494 0.028 34.565 0.270 MAL p6C2cp1 0.989 0.028 0.011 0.006 25.493 0.311
LP stp5-2c2cp2 1.514 0.036 0.139 0.011 0.533 0.055 MAL p6C2cp2 1.199 0.044 0.008 0.004 24.947 0.428
LP stp5-2c2cp1 1.649 0.064 0.102 0.010 0.187 0.027 MAL p6C4cp4 0.938 0.035 0.188 0.016 22.873 0.335
LP stp5-2c4cp3 0.154 0.016 0.312 0.021 18.102 0.281 MAL p6C4cp3 0.756 0.032 0.005 0.004 11.675 0.183
LP stp5-2c4cp2 0.116 0.012 0.443 0.029 37.919 2.091 MAL p6C4cp1b 1.009 0.036 0.068 0.010 20.898 0.254
LP stp5-2c4cp5 2.334 0.066 0.120 0.006 2.991 0.132 MAL p6C4cp2 0.433 0.012 0.022 0.007 11.150 0.297
LP stp5-2c4cp1 1.490 0.059 0.138 0.011 2.362 0.183
LP stp5-2c2cp3 1.372 0.045 0.139 0.010 1.321 0.081
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of serpentinite formed epidote-amphibolite 
facies paragenesis in the Malenco ultramafic 
rocks consisting of antigorite, chlorite, 
magnetite, Ti-clinohumite, olivine and 
diopside (Trommsdorff, 1983; Guntli and 
Liniger, 1989; Hermann, 1997). 
In terms of light elements, the transformation 
from primary to metamorphic  phases is 
monitored to a certain extent by minerals of 
‘similar’ chemistry: olivine transforms into 
serpentine (mesh texture in serpentine), 
tremolite transforms into metamorphic 
diopside. Chlorite on the contrary, can be 
formed at the expense of all primary phases 
as long as an Al-rich phase is present (e.g. 
spinel). 
Fig. 4.3 illustrates dehydration reactions and 
loss of light elements related to increasing 
metamorphism, with respect to Li and B. In 
contrast, Be displays a conservative behaviour. 
Minerals formed during alpine metamorphism 
have Be concentrations similar to primary 
minerals (e.g. ol similar to serp). Mineral 
analyses from the other massifs follow the 
same trend (Fig. 4.3), thus indicating that 
Be concentrations of metamorphic minerals 
largely reflect the compositions of the primary 
minerals.
4.7.2 Mirroring serpentine transformation 
from N to S
During subduction of oceanic mantle, prograde 
metamorphism changes serpentinites first 
from lizardite/chrysotile-rich assemblage to 
antigorite schists and ends with antigorite 
breakdown and formation of a metamorphic 
rock with olivine, orthopyroxene and chlorite 
(metaharzburgite, e.g. Trommsdorff et al., 
1998). Prograde metamorphism in Alpine 
serpentinites generally follows a lower 
pressure path, but is a natural laboratory to 
study such phase transformations. From TO to 
MAL, the metamorphic conditions change from 
prehnite-pumpellyite to epidote-amphibolite 
facies (Fig. 4.1). The serpentine mineral from 
N to S changes from chrysotile to antigorite and 
follows three major mineral reactions in the 
MSH/CMSH-system: chrysotile => antigorite 
+ brucite (I), chrysotile + talc => antigorite 
(II) and chrysotile + tremolite => antigorite 
+ diopside (III; Fig 4.1). From N to S the 
change from chrysotile to antigorite is gradual 
and the Platta unit is considered as a reaction 
transition zone, although our studied samples 
contain only chrysotile. In MAL, antigorite is 
the main serpentine mineral (Peretti, 1988), 
while TO is dominated by chrysotile (Peters, 
1963). Two additional reactions might occur 
as well within the studied rocks and influence 
the available fluid budget: chrysotile => 
antigorite+ forsterite + H2O (IV) and brucite 
+ chrysotile => forsterite + H2O (V; Evans et 
al., 1976). However, these reactions IV and 
V are probably irrelevant in our case, since 
reaction I completely consumed chrysotile. 
The Be variability of mantle minerals is 
similar in the two massifs (TO and MAL) 
varying between <0.001 and 0.016 µg/g, 
and prograde Alpine metamorphism did not 
modify the primary mineral Be content (Fig. 
4.3). Oceanic chrysotile/lizardite (<0.001 to 
0.080 µg/g, ODP Leg 209; Vils et al., 2008) 
and ophiolitic antigorite (e.g. <0.001 to 
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0.040 µg/g; Marschall, 2005; Pelletier et al., 
2008a) contain similar concentrations of Be, 
compared to our data. However, in the Mariana 
forearc, higher Be concentrations up to 0.070 
to 0.160 µg/g for serpentinized harzburgites 
are reported (Zanetti et al., 2006). Some 
serpentinized mud volcanoes are currently 
venting, and geochemical investigation of 
these fluids suggests dehydration reactions 
in the subducted Pacific plate as a source of 
elevated Be contents (e.g. Mottl et al., 2003; 
Mottl et al., 2004). Thus the elevated Be 
concentration reported for Mariana forearc is 
related to the liberated fluid release as well 
as the original mantle composition. 
Comparing chrysotile from the TO, LP and UP 
to antigorite from MAL, reveals relatively high 
Li and B content in TO, LP and UP compared 
to MAL (Fig. 4.6). The sharp drop of Li and 
B concentrations seems to be related to the 
complete transformation of chrysotile into 
antigorite (Reaction I-III completed, Fig. 4.1). 
The stoichiometry of the mineral reactions in 
a simplified CMSH-system indicates that the 
transformation is conservative with respect 
to H2O (see reactions I-III), e.g. no fluid 
is added or released. Electron microprobe 
analyses of serpentine revealed that the 
mineral structure of chrysotile and antigorite 
accommodates considerable amounts of 
FeOtot
2+ (up to 0.33 wt%; Appendix A). A 
second, important observation is that modal 
magnetite increases from LP and UP to the 
MAL ophiolite. Therefore, redox-reactions 
with water liberation are very likely to take 
place during transition from chrysotile to 
antigorite (e.g. Fe-serp + O2 => mgt + SiO2 
+ H2O; VI). As B and Li are both fluid-mobile 
(e.g. Brenan et al., 1998), both elements 
would be enriched in the fluid phase and in 
precipitating minerals. 
Although partition coefficients reported 
for amphiboles (e.g. amphibole/fluid 0.016 
B; Brenan et al., 1998) might suggest that 
the latter are a sink for the Li and B lost 
during chrysotile-antigorite transformation, 
low abundance of amphiboles in the MAL 
massif does not compensate the whole rock 
budget. On the other hand, brucite formed 
by reaction I might be a sink for B (estimated 
to 60 µg/g at Hess Deep; Plas, 1997; Früh-
Green et al., 2004), but brucite is known to 
occur only rarely within the studied massifs 
(Trommsdorff and Evans, 1974). Diopside on 
Table 4: SIMS analyses of serpentine
Sample Li 2 sigma Be 2 sigma B 2 sigma Sample Li 2 sigma Be 2 sigma B 2 sigma
(g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g)
Serpentine crp3c1sr2 6.527 0.128 0.004 0.002 52.624 0.657
to1c2sr1 0.256 0.014 0.007 1.652 325.282 3.253 crp3c1sr1 63.306 1.394 0.007 0.002 50.727 0.673
to1c2sr5 0.092 0.011 0.014 1.788 327.166 1.178 crp3c8sr2 0.372 0.028 0.009 0.002 82.320 0.831
to1c2sr8 14.347 0.189 0.007 1.346 213.297 0.768 crp3c7sr1 0.541 0.033 0.004 0.002 38.460 0.688
to1c2sr12 8.948 0.082 0.008 2.440 250.767 1.154 crp3c8sr3 0.344 0.019 0.009 0.002 93.345 0.491
to1c2sr1 6.226 0.524 0.002 0.728 231.753 8.992 vep8c2sr5 0.532 0.017 0.006 0.001 140.856 1.023
to1c2sr4 1.190 0.044 0.002 1.347 161.903 1.943 vep8c2sr7 0.595 0.038 0.013 0.003 227.419 1.292
to1c2sr7 0.354 0.030 0.004 0.002 318.205 1.622 vep8c2sr4 2.480 0.112 0.010 0.003 302.069 4.005
to1c1sr1 9.036 0.089 0.012 2.082 246.887 1.037 vep8c2sr1 3.324 0.127 0.013 0.003 232.693 1.941
to7c4sr4 0.253 0.020 0.003 0.001 116.694 1.421 vep8c2sr11 2.740 0.115 0.001 0.001 63.268 2.298
to7c4sr2 0.062 0.009 0.006 0.003 259.096 1.332 vep8c2sr12 3.186 0.058 0.002 0.001 76.228 1.674
to7c4sr1 0.140 0.022 0.007 0.003 202.364 1.493 vep8c2sr13 0.406 0.023 0.006 0.001 141.450 0.603
to7c1sr2 2.170 0.093 0.009 0.003 210.209 0.727 vep8c4sr3 2.565 0.076 0.001 0.001 60.973 0.721
to7c2sr10 0.754 0.037 0.006 0.002 140.537 0.919 vep8c4sr1 2.599 0.065 0.001 0.001 64.779 0.637
to7c1sr3 0.497 0.034 b.d.l. - 42.263 0.636 vep8c4sr10 0.625 0.021 0.008 0.002 136.107 1.328
to7c1sr5 0.022 0.005 0.009 0.002 198.305 0.892 vep8c4sr14 1.149 0.030 0.005 0.001 135.596 1.546
to7c4sr9 0.172 0.014 0.004 0.002 135.232 1.755 fap4c2sr12 6.963 0.116 0.039 0.001 37.351 0.959
nap7c1sr1 7.987 0.532 0.006 0.002 28.501 0.744 fap4c2sr3 14.536 0.620 0.002 0.002 96.331 1.000
nap7c1sr10 0.179 0.019 0.005 0.002 27.970 0.276 lum117c1sr3 0.068 0.033 b.d.l. - 2.017 0.189
nap7c1sr12 0.315 0.025 0.004 0.002 28.456 0.640 lum117c1sr7 0.117 0.036 0.016 0.013 11.969 1.489
nap7c1sr2 0.190 0.011 0.016 0.003 63.310 0.843 lum117c2sr8 0.014 0.008 0.001 0.001 0.759 0.078
nap7c1sr3 0.221 0.012 0.006 0.001 69.540 1.200 lum117c3sr4 0.067 0.005 0.001 0.001 2.663 0.064
nap7c1sr8 0.139 0.019 0.004 0.002 19.898 0.236 lum117c3sr5 0.021 0.003 0.001 0.001 1.527 0.061
nap7c3sr6 0.126 0.013 0.007 0.001 63.533 0.404 lUM117c3tsr9 0.013 0.002 0.001 0.001 1.483 0.038
nap7c3sr7 0.148 0.007 0.006 0.003 64.975 0.495 lum216_2c4sr9 0.021 0.004 0.002 0.001 2.229 0.126
nap7c2sr11 0.096 0.006 0.020 0.004 85.505 0.516 lum216_2c4sr8 0.032 0.005 0.002 0.001 4.085 0.128
nap7c2sr5 0.386 0.025 0.003 0.001 15.527 0.442 lum224c1sr1 0.027 0.005 0.001 0.001 2.830 0.179
nap7c2sr8 0.604 0.031 0.002 0.002 18.429 1.120 lum224c1sr7 0.035 0.014 0.001 0.001 2.790 0.105
nap7c2sr9 0.096 0.010 0.018 0.003 85.622 0.550 lum224c1sr9 0.021 0.003 0.003 0.001 2.298 0.162
nap7c5sr1 0.420 0.022 0.024 0.003 80.168 0.455 mg65c4sr13 0.004 0.002 0.000 0.001 1.648 0.045
nap7c5sr5 2.550 0.228 0.019 0.016 74.477 1.646 mg65c4sr8 0.013 0.005 0.001 0.000 1.733 0.092
nap99-2c1sr8 0.477 0.025 0.002 0.001 86.902 0.998 mg65c4orgsr8 0.016 0.006 b.d.l. - 0.745 0.144
nap99-2c1sr9 0.420 0.022 b.d.l. - 117.254 0.116 mg65c4orgsr10 0.016 0.004 0.001 0.001 1.291 0.164
nap99-2c3sr5 0.285 0.016 0.002 0.001 188.268 0.836 mg65c5sr2 0.004 0.002 b.d.l. - 0.579 0.034
nap99-2c5sr3 3.374 0.120 0.001 0.002 115.346 0.722 mg65c4orgsr5 0.009 0.003 b.d.l. - 1.263 0.049
nap99-2c5sr7 0.263 0.015 0.002 0.002 211.746 3.274 p6C2sr7 1.473 0.119 b.d.l. - 107.576 2.130
nap99-2c5sr8 0.996 0.035 0.003 0.003 162.666 0.911 p6C2sr1 0.137 0.017 0.002 0.002 177.177 1.414
nap99-2c1sr1 156.859 2.814 0.004 0.002 53.836 0.825 p6C2sr6 0.198 0.008 b.d.l. - 145.154 0.912
nap99-2c1sr2 125.295 2.245 0.004 0.003 70.187 1.867 p6C4sr6 7.562 0.118 b.d.l. - 122.437 0.803
nap99-2c1sr5 128.519 0.792 0.006 0.002 35.066 0.320 p6C2sr5 1.523 0.106 0.002 0.001 160.607 0.723
nap99-2c1sr6 127.968 1.761 0.017 0.003 63.363 1.661 p6C2sr9 1.674 0.044 0.001 0.001 97.902 1.255
stp5-2c2sr1 0.123 0.013 0.006 0.001 50.545 0.568 p6C4sr7 0.512 0.025 0.002 0.002 144.421 0.471
stp5-2c2sr2 0.172 0.020 0.008 0.002 57.999 0.581 p6C4sr8 7.118 0.102 b.d.l. - 130.287 0.698
stp5-2c4sr3 0.352 0.026 0.078 0.007 100.968 0.717 p6C4sr9 3.307 0.072 b.d.l. - 137.064 0.606
stp5-2c4sr1 0.289 0.019 0.024 0.006 112.847 0.907 p6C4sr1 0.523 0.016 b.d.l. - 163.307 0.585
stp5-2c4sr2 0.485 0.024 0.044 0.008 102.141 1.083 p6C4sr3 0.895 0.023 0.001 0.001 179.130 0.838
stp5-2c4sr4 1.603 0.030 0.237 0.013 100.952 0.533 p6C4sr5 0.211 0.015 b.d.l. - 153.816 1.335
p6C4sr4 4.214 0.131 b.d.l. - 88.500 0.789
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the contrary is not known to incorporate high 
amount of B (max. 13 µg/g, Neumann et al., 
2002; Neumann et al., 2004; see also Fig. 
4.), so metamorphic diopside is not a sink 
either. Therefore, to incorporate the ~100 
µg/g B in newly formed brucite or diopside 
seems very unlikely. Additionally, pore-fluid 
measurements of the Mariana fore-arc mud-
serpentinites showed B content ranging from 
1.98 to 42.90 µg/g and Li content < 0.11 
µg/g, with higher B and lower Li concentration 
at the bottom (Mottl et al., 2003). Compared 
to the pore fluids, serpentinites from Mariana 
fore-arc (brucite containing) have higher Li 
concentrations (1.59 to 18.9 µg/g) and similar 
B concentrations (6.8 to 57.5 µg/g; Benton 
et al., 2001; Benton et al., 2004; Savov et 
al., 2007). Savov et al. (2007) proposed 
that dehydration at the onset of subduction 
leads to loss of B (80%) and Li (9%) from 
the oceanic plate. Such a process is in line 
with the high B content of pore fluids and 
serpentine mud at the Mariana fore-arc.
Investigations of chrysotile/lizardite from 
oceanic peridotites showed that B is highly 
enriched and Li highly depleted compared to 
primary phases (e.g. up to 138 µg/g (B) in 
serp, 2.39 µg/g (B) in cpx at ODP Leg 209 
respectively; Vils et al., 2008). Chrysotile from 
TO, LP and UP shows B and Li concentrations 
that are very similar to those of serpentine 
from oceanic environments (Fig. 4.6). In-situ 
measurements of light elements in antigorite 
from metamorphic environments have been 
conducted before (Scambelluri et al., 2004; 
Marschall, 2005; Pelletier et al., 2008a). In 
general, they agreed that antigorite contains 
up to 39 µg/g B. Additionally, Scambelluri et 
al. (2004) studied the B and Li composition 
in serpentine on the subduction path, 
comparing samples from different localities 
under different P-T conditions. High-pressure 
metamorphism decreased the amount of B 
and lowered Li in antigorite (e.g. 26 – 200 
µg/g B in chrysotile and 9.5 - 39.8 µg/g B in 
antigorite; Scambelluri et al., 2004). Antigorite 
from the MAL massif also has considerably 
lower B and Li content than chrysotile from 
TO, LP and UP (Fig. 4.5). Thus we propose 
that the phase transition from chrysotile 
to antigorite leads to a change in the light 
element content of the latter (Fig. 4.5) and 
the observed loss of Li and B seems related 
to increasing metamorphism (Fig. 4.5). 
In addition, increase of pressure and 
temperature leads to an increase of 
structural equilibrium in antigorite (e.g. 
less crystal defects, increasing crystal size 
and increasing structural homogeneity) and 
shortens the lattice parameter a (Mellini, 
1987, Padron-Navarta et al., 2008). Regional 
metamorphic MAL antigorites have such 
short a-wavelenghts (m=17; Mellini, 1987). 
A similar response of the crystal structure 
Table 5: SIMS analyses of chlorite
Sample Li 2 sigma Be 2 sigma B 2 sigma Sample Li 2 sigma Be 2 sigma B 2 sigma
(g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g)
TO to7c2sr1 5.911 0.184 0.002 0.001 172.824 1.258 MAL lum117c1sr4 0.050 0.031 0.012 0.015 0.969 0.198
TO to7c2sr3 1.079 0.056 0.001 0.002 50.819 0.632 MAL lum117c1sr4a 0.076 0.031 0.010 0.009 1.398 0.215
LP nap7c5sr6 76.737 1.484 0.015 0.008 17.490 0.650 MAL lum117c1sr5 0.088 0.062 b.d.l. - 1.334 0.349
LP nap7c2xx3 22.687 1.566 0.007 0.002 12.551 0.174 MAL lum117c2sr1 0.071 0.007 b.d.l. - 0.820 0.031
LP nap7c2xx1a 6.258 0.236 0.001 0.001 6.482 0.060 MAL lum117c2sr2 0.074 0.010 b.d.l. - 0.717 0.047
LP nap99-2c5xx1 4.310 0.115 0.002 0.002 31.861 0.514 MAL lum117c2sr4 0.085 0.006 b.d.l. - 0.874 0.046
LP nap99-2c1sr12 106.363 0.796 0.023 0.004 84.986 0.357 MAL lum117c2sr5 0.079 0.007 b.d.l. - 0.820 0.049
LP nap99-2c1sr13 111.725 0.476 0.013 0.003 32.729 1.661 MAL lum216_2c3sr7 0.521 0.030 0.017 0.003 1.551 0.181
LP nap99-2c3sr2 12.036 0.489 0.002 0.002 22.398 0.520 MAL lum216_2c1sr1 0.015 0.003 0.012 0.003 0.911 0.108
LP nap99-2c4sr10 6.151 0.347 0.001 0.002 66.769 0.433 MAL lum216_2c1sr6 0.020 0.006 0.019 0.003 1.706 0.113
LP nap99-2c4sr5 18.133 0.306 0.003 0.002 45.799 0.358 MAL lum216_2c1sr5 0.010 0.005 0.017 0.004 1.575 0.069
LP nap99-2c4sr7 6.830 0.343 0.001 0.001 50.505 0.451 MAL lum216_2c1sr4 0.020 0.006 0.009 0.002 1.227 0.104
LP nap99-2c4sr8 103.266 4.182 0.003 0.002 40.737 0.942 MAL lum216_2c3sr1 0.121 0.007 0.008 0.002 0.777 0.057
LP nap99-2c5sr5 90.482 0.945 0.024 0.008 143.111 1.428 MAL lum226c1sr3 0.411 0.039 0.016 0.005 1.237 0.076
LP nap99-2c5xx3 6.822 0.636 0.005 0.002 39.152 0.765 MAL lum226c1sr4 0.603 0.029 0.017 0.004 2.706 0.254
LP nap99-2c3sr1 68.911 1.494 0.004 0.002 12.040 0.277 MAL lum226c4sr1 0.712 0.059 0.008 0.004 0.594 0.053
LP nap99-2c5xx6 32.950 0.648 0.020 0.005 220.618 2.312 MAL lum226c4sr3 0.221 0.012 0.008 0.003 1.062 0.093
LP crp3c7sr3 97.416 1.274 0.016 0.004 19.185 0.614 MAL lum226c3sr2 1.010 0.042 0.012 0.003 3.040 0.286
LP crp3c7sr4 98.033 1.002 0.015 0.005 18.268 0.363 MAL lum226c3sr4 0.343 0.026 0.005 0.002 0.771 0.033
LP crp3c1sr6 163.892 0.947 0.023 0.004 15.969 0.310 MAL lum226c3sr1 0.480 0.020 0.010 0.004 1.901 0.088
LP crp3c1sr5 73.408 0.391 0.014 0.003 38.301 0.381 MAL lum226c1sr2 0.249 0.017 0.008 0.003 1.204 0.087
LP stp5-2c3sr5 38.516 1.176 0.003 0.002 24.377 0.460 MAL lum216-1c1cl2 10.939 0.107 0.002 0.001 1.987 0.121
LP stp5-2c3sr3 13.384 0.526 0.003 0.001 25.833 0.683 MAL lum216-1c1sr1 0.839 0.032 0.005 0.002 1.394 0.097
LP stp5-2c3sr4 20.454 4.002 0.003 0.001 33.479 1.084 MAL lum216-1c1sr12 0.066 0.012 0.009 0.002 3.853 0.112
LP stp5-2c3sr7 0.879 0.039 0.009 0.003 107.300 0.680 MAL lum216-1c1sr2 0.671 0.031 0.006 0.003 1.349 0.099
LP stp5-2c3sr2 84.101 3.122 0.005 0.002 23.978 0.494 MAL lum216-1c1sr3 0.226 0.022 0.004 0.002 1.248 0.084
UP fap4c2sr13 26.559 0.364 0.006 0.002 19.625 0.339 MAL lum216-c1-sr11 0.054 0.018 0.013 0.005 10.858 0.780
UP fap4c2sr8 2.345 0.055 0.078 0.006 8.670 0.232 MAL lum216-c2-cl1 0.015 0.006 0.014 0.004 6.517 0.517
UP fap4c3sr13 8.545 0.116 b.d.l. - 77.624 0.959 MAL lum224c2sr10 0.060 0.011 0.002 0.002 3.182 0.144
UP fap4c3sr3 35.023 0.620 0.003 0.002 77.511 1.000 MAL lum224c2sr2 0.074 0.011 0.001 0.001 2.407 0.136
MAL lum112c1sr5 0.393 0.040 0.009 0.001 1.109 0.051 MAL lum224c2sr5 0.049 0.009 0.001 0.001 1.530 0.181
MAL lum112c3sr4 0.050 0.004 0.004 0.001 2.117 0.490 MAL lum224c2sr7 0.065 0.015 0.004 0.002 3.790 0.229
MAL lum112c1sr1 0.691 0.055 0.022 0.003 0.729 0.027 MAL lum224c2sr8 0.057 0.007 0.001 0.001 2.377 0.147
MAL lum112c3sr7 0.011 0.001 0.008 0.001 2.401 0.166 MAL MG65c4sr2 0.015 0.004 b.d.l. - 1.197 0.221
MAL lum112c1xx7 1.171 0.057 0.011 0.002 8.731 0.211 MAL MG65c3sr8 0.003 0.002 b.d.l. - 2.349 0.109
MAL lum112c1sr6 0.115 0.005 0.012 0.002 1.319 0.032 MAL MG65c3sr2 0.004 0.001 b.d.l. - 1.158 0.047
MAL lum112c3sr5 0.075 0.005 0.012 0.001 0.821 0.397 MAL MG65c5sr3 0.004 0.001 b.d.l. - 1.061 0.043
MAL lum112c3sr6 0.190 0.028 0.018 0.004 2.263 0.039 MAL MG65c5sr17 0.011 0.004 b.d.l. - 1.085 0.182
MAL lum112c3sr9 0.178 0.016 0.011 0.000 0.758 0.038 MAL MG65c5sr1 0.032 0.004 b.d.l. - 1.944 0.107
MAL lum112c2sr6 0.100 0.015 0.032 0.006 1.729 0.216
MAL lum112c2sr2 0.147 0.018 0.011 0.002 1.800 0.059
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of lizardite, chrysotile and clinochlore with 
respect to changing pressure and temperature 
has been reported (e.g. Mellini and Zanazzi, 
1989; Welch and Marshall, 2001; Mizukami 
et al., 2007). It might be argued that not 
only phase transformation from chrysotile to 
antigorite controls the Li and B content of the 
serpentine, but also the internal order of the 
tetraheadral and octaheadral layers. 
4.7.3 Low temperature chlorite 
transformation
In ultramafic rocks, chlorite is stable over 
a wide P-T range, ending with the chlorite 
breakdown reactions in the amphibolite 
facies (chl -> spl + ol + opx; or chl + trem 
-> opx + cpx; Grove et al., 2006). At low 
P-T conditions, especially during weathering, 
chlorite can transform into clay minerals (e.g. 
Rabenhorst et al., 1982; Lee et al., 2003; Hseu 
et al., 2007). In addition, chlorites can form 
mixed-layer sheet silicates (e.g. integrating 
smectite or serpentine layers into chlorite 
layers; Reynolds, 1988). 
Chlorite from the Geisspfad ophiolite shows 
a large variation in Be concentrations from 
<0.001 to 0.223 µg/g (Pelletier et al., 2008a). 
The average Be concentration in chlorite from 
all studied ultramafic bodies (0.009 µg/g, this 
study) are similar to the average content of 
the Geisspfad body (0.014 µg/g) supporting 
the previously made statement that Be 
shows little variability during transformation 
of primary to metamorphic minerals (see 
‘section 4.7.2’). 
Chlorite from the TO, LP and UP massifs has 
higher Li and higher B content than chlorite 
from the MAL massif, similar to serpentine 
(Fig. 4.6). Chlorite in alpine serpentinites 
shows low Li (0.03 to 1.55 µg/g) and low 
B content (0.69 to 3.12 µg/g; Pelletier et 
al., 2008a). Measurements on ocean floor 
occurrences are rare (4.40 µg/g Li, 1.80 µg/g 
B; Erro Tobbio, Scambelluri et al., 2004; 0.40 
and 0.53 µg/g Li; 0.97 and 0.85 µg/g B; 
ODP Leg 209, Vils et al., 2008). Chlorite in 
HP ultramafic rocks from the Betic Cordillera 
have moderate Li contents (0.12 to 0.32µg/g) 
and B content varying between 1.70 and 4.60 
µg/g (Scambelluri et al., 2004). 
Reported B concentrations from chlorite 
from oceanic (max. 0.97 µg/g; Vils et al., 
2008) and high-pressure ultramafic rocks 
(max. 4.60 µg/g; Scambelluri et al., 2004) 
are low compared to oceanic serpentine 
(max. 139 µg/g; e.g. Pelletier et al., 2008b; 
Vils et al., 2008). To sum up, chlorite from 
the TO, LP and UP massifs contains high 
amounts of Li and B compared to literature 
data (Fig. 4.4). In general B substitutes in 
silicates for Al and Si and Li for Mg or Fe. 
As chlorite is mostly composed of Si, Al and 
Mg, their concentrations in chlorites are high 
and favour any Li and B substitution into the 
crystal lattice. 
For Li, such incorporation in chlorite is known 
and high enrichments occur (e.g. Pelletier et 
al., 2008a). For B, such processes are not 
reported. As clay minerals tend to contain high 
amounts of B (e.g. up to 230 µg/g for pelagic 
clay; Li 1982), high B concentration in TO, LP 
and UP might be related to transformation of 
chlorites into interstratified two-component 
chlorite-clay minerals. Assuming average 
B concentrations of pelagic clay minerals 
and maximum B concentration reported for 
chlorite (4.60 µg/g; Scambelluri et al., 2004), 
a 1:1, two-component chlorite-clay mineral 
could contain up to 120 µg/g B, which is 
similar to measured B concentrations in 
chlorites from TO, LP and UP. Nevertheless as 
serpentine and chlorite are often intergrown, 
such a signal could also be related to mixed 
ion probe analyses. 
As previous discussed, the internal order 
of serpentine minerals probably plays an 
important role for the Li and B concentrations 
(section ‘4.7.2’). The similarity in the 
crystallographic structure of chlorite with 
serpentine suggests a similar dependence over 
the pressure-temperature range investigated. 
As increasing P and T leads to an increasing 
ordering of the serpentine structure, a similar 
process might be operative for chlorite. In line 
with this hypothesis are the reported chlorite 
values of the Betic Cordillera (Scambelluri et 
al., 2004), as they occur around similar high 
ordered antigorites (m=17; Padron-Navarta 
et al., 2008) as observed in the MAL massif 
(m=17; Mellini, 1987). These chlorites have 
similar Li (0.12 to 0.32 µg/g) and B (1.7 to 
4.6 µg/g) concentration as reported in Table 
5 for MAL massif. 
So far the response of lattice parameters of 
chlorite during prograde metamorphism is 
poorly constrained. The systematic change 
of Li and B in chlorite during prograde 
metamorphism might be related to three 
process: (a) mixed analyses of chlorite with 
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serpentine or clay (interlayer or intergrown); 
(b) P-T related crystal structural change, 
where a higher ‘order’ is achieved with higher 
P-T; or (c) or a mixture of the two described 
processes. 
4.7.4 Oceanic or subcontinental 
mantle?
A good chemical fingerprint for the origin 
of clinopyroxene in mantle peridotite might 
be the light elements concentrations, since 
oceanic mantle cpx is low in Li (0.104-0.204 
µg/g), low in Be (<0.001 µg/g) and low in B 
(0.007-0.014 µg/g; Pelletier et al., 2008b). 
Late-stage metasomatic events can crystallize 
Li-rich clinopyroxenes in oceanic mantle (e.g. 
0.44 to 5.41 µg/g, Pelletier et al., 2008b; Vils 
et al., 2008). Studies on xenoliths showed that 
subcontinental mantle differs geochemically 
from oceanic mantle, and clinopyroxenes 
have distinct light element concentrations. 
Subcontinental clinopyroxene has higher Be 
concentrations (0.02-3.90µg/g; Neumann et 
al., 2002; Neumann et al., 2004; Kaeser et 
al., 2007; Kaliwoda et al., 2008) than oceanic 
mantle and both are variable in B and Li (Fig. 
4.7). It is known that during any metsomatic 
event, Li is enriched compared to B (e.g. 
Fiorentini and Beresford, 2008), or Li within 
clinopyroxene and olivine are in disequilibrium 
as proposed by Seitz and Woodland (2000). 
For Be, this is in line with the experimental 
data of Tatsumi and Isoyama (1988), where 
at 1.5 GPa and 850°C peridotite loose up to 
5 % in initial Be. Such an extraction should 
increase the Be concentration available 
within the mantle wedge. For B, high mobility 
during mineral-melt interactions leads to a 
preferable enrichment of B in the melt and 
thus in metasomatised phases. 
Clinopyroxenes from the TO, LP, UP and 
MAL massifs are enriched in Be, B and Li 
compared to DM or oceanic mantle (Fig. 4.7). 
Exceptions are alpine metamorphic diopsides 
from sample Pum117, Mg65 and Lum112 
(reaction III, Fig. 4.1, 4.2). In general, 
reported clinopyroxenes are primary mantle 
phases. Comparing primary minerals from 
TO, UP, LP and MAL (Fig. 4.3) show that there 
is no change in Be concentration, although 
the reported massifs represent different 
metamorphic degrees (Fig. 4.1). Thus, alpine 
metamorphism has no influence on the Be 
composition of the clinopyroxenes. Further 
on, Ca-phases are enriched in Be compared 
to the other minerals (Fig. 4.3) and might act 
as a sink for Be during alpine metamorphism. 
Over the 3 massifs there is no change in cpx 
Be concentration (Fig. 4.3) and there is little 
evidence that Alpine metamorphism lead to Be 
enrichment. Thus, the consistent Be signature 
of mantle clinopyroxene from TO to MAL 
suggests that the Be signal is still of primary 
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Fig. 7: Li versus Be diagram of 
clinopyroxenes from the four ophiolite 
massifs (to: TO; vep, fap: UP; nap, 
p, stp, crp: LP; lum, mg: MAL). 
Additionally, range of subcontinental 
mantle and oceanic mantle are shown 
for comparison, as well as depleted 
mantle value (DM Salters and Stracke, 
2004; oceanic cpx Pelletier et al., 
2008b; melt-modified oceanic cpx 
Vils et al., 2008; HP-HT cpx Paquin et 
al., 2004; Scambelluri et al., 2006; 
subcontinental mantle Neumann et al., 
2002; Neumann et al., 2004; Kaeser 
et al., 2007; Kaliwoda et al., 2008; 
metasomatic subcontinental mantle 
Kaeser et al., 2007).
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origin. Comparing our data with literature data 
from xenoliths and other peridotite massifs 
show similar concentrations of Be (Fig. 4.7) 
and thus supports previous proposals that the 
TO-MAL transect is essentially composed of 
subcontinental mantle that was later exposed 
on the Tethyan ocean floor (e.g. Desmurs, 
2001; Desmurs et al., 2002; Manatschal and 
Müntener, 2009; Müntener et al., 2009).
4.7.5 Implications for the Li and B 
recycling within the subduction zone
Serpentinization is the key process in 
enriching B in the oceanic plate and controls 
the input budget to the subduction zone factory 
(e.g. Scambelluri et al., 2004; Tenthorey and 
Hermann, 2004; Savov et al., 2005; Vils et 
al., 2008). Li budget on the contrary is rather 
dominated by the basalts and the sedimentary 
cover (e.g. Vils et al., 2008). 
Prior to plate bending, the B budget of 
the oceanic plate is mainly dominated by 
serpentinites (Vils et al., 2008) and plate 
bending probably increases the serpentinizated 
volume. Dehydration reactions of the 
sedimentary layer in the accretionary prism 
should even enhance that signal. Chrysotile 
breakdown follows in the early stage of 
subduction and liberates a considerable 
amount of B and Li into the mantle wedge 
during phase transition to antigorite (as shown 
by the TO-MAL transect). Although antigorite 
breakdown is an important source for water 
to depth (Ulmer and Trommsdorff, 1995), 
lower whole rock Li and B concentrations 
are available as prior chrysotile breakdown. 
Thus B might be additionally liberated at 
depth, but serpentine still contains one order 
of magnitude more B than depleted mantle 
(0.06 µg/g; Salters and Stracke, 2004). 
Modelling of water release in subduction zone 
settings assumes that dehydration reactions 
of serpentinites are only related to antigorite 
breakdown (e.g. Rüpke et al., 2004). As 
previously discussed during the chrysotile 
breakdown potentially water is released 
(see ‘section 4.7.2’), thus such small water 
circulations might influence strongly the 
elemental budget for fluid-mobile elements 
prior to antigorite breakdown. Observed 
change in B concentration with increasing 
slab depth (Ryan et al., 1995), might also 
reflect the different dehydration reactions, 
but further investigation is needed. What 
so ever the detailed dehydration reactions 
in the slab are, it is important to state, that 
B enrichment related to serpentinite of the 
mantle wedge occurs. 
4.8. Conclusions and summary
1) As mantle and secondary mineral pairs 
in the Malenco ophiolite have similar Be 
compositions, Be seems to behave rather 
conservative in ultramafic systems with respect 
to fluid mobility, at least to temperatures up 
to to 450°C. 
2) Due to dehydration reactions during 
prograde metamorphism, the mineralogical 
change from chrysotile to antigorite leads to 
Li and B loss within the serpentine minerals. 
The dehydration reaction concurs with a 
change in total B and Li that is stored in 
serpentine. The lower content of Li and B 
in antigorite has a considerable impact on 
element cycling, as at antigorite breakdown, 
two orders of magnitude lesser amount of Li 
and B could potentially be released into the 
mantle wedge. 
3) During oceanic alteration, low temperature 
clay mineral formation leads to an increase of 
B within chlorites. As prograde metamorphism 
occur, retransformation of the clay-layers into 
chlorites lower the B and Li considerably. 
4) Clinopyroxenes of all three massifs have 
high Be content compared to clinopyroxene 
remnants for oceanic crust. As change in Be 
concentrations related to metamorphism, 
spongy mineral behaviour or external 
fluids could be excluded. Similar values for 
clinopyroxene are reported for subcontinental 
mantle. This observation is in line with the 
proposed subcontinental origin of the three 
massifs. 
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Chapter V
Ultramafic glasses fused on Ir-strip heater
FOREWORD 
The following chapter deals with experiments conducted on an iridium strip-heater at the 
University of Neuchâtel. Prior to the described experiments on metabasic rocks, an other 
series of experiments with ultramafic rocks with the same aim and scopes were conducted. 
In a first approach, direct quenching of ultramafic rocks on the strip heater was tried (see 
thesis of Laure Pelletier, 2008 (UniNe) for more details). Instead of forming a homogenous 
glass, the quenched ultramafic melts formed spinifex textures, segregating an olivine and an 
orthopyroxene glass. As element distribution is not homogenous, spinifex glasses cannot be 
used to analyze light element concentration. 
In a second try, quartz was added to the ultramafic samples to increase silica content. This 
changes the type of melt from ultramafic to mafic, where olivine is not stable. Although we 
used ultra pure-silica (once foreseen to be a computer chip), ion probe analyses revealed 
high B contamination, with respect to expected values. A sample containing no B (<0.05 
µg/g) had a corrected whole-rock value of 17.6 µg/g (on average) after quartz addition. As 
original silica B concentration is not exactly known (IC-MPS analyses revealed 68 ng/g B in 
the used quartz), decision was taken to conduct a series of experiments on metabasalts, 
as no quartz has to be added. These additional experiments should show us if there is any 
B contamination during sample and glass preparation and, additionally, the behavior of Li, 
Be and B on heating time and temperature can be studied. Our results on metabasalts from 
Syros islands (Greece) are presented in the following chapter (chapter 5). 
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Chapter V
Iridium-strip heater glass pellets: 
Effects of fusion temperature and time 
on Li, Be and B content
ABSTRACT
To solve a broad range of geochemical problems, precise and accurate whole rock and trace 
element analyses are required. Especially in the case of low abundant elements like Li, Be 
and B, which are widely used as tracers of alteration, subduction and recycling processes 
in the Earth, this is a critical issue. For in-situ mineral measurements of these elements, 
secondary ion mass spectrometry (SIMS) is probably the most sensitive and most accurate. 
A method that allows to analyse whole rock light element concentrations using SIMS would be 
extremely powerful and would dramatically increase sample throughput. However, a method 
to measure whole rock contents of all three light elements together is missing so far.
An Iridium-strip heater provides a flux free method to fuse directly homogeneous glass pellets 
from powdered rocks. These pellets can be investigated for major and light elements using 
microbeam (electron, ion or laser) methods. We have conducted experiments under different 
fusion temperatures (1500-1800°C) and time (30-240 s) on selected samples representing a 
wide variety of Li (0.91 to 56.5 µg/g), Be (0.24 to 3.5 µg/g) and B content (2.18 to 12 µg/g). 
We studied the behaviour of the three elements with respect to the different compositions, 
fusion time and temperature.
Homogeneity within the fused glasses is generally reached under the studied conditions 
for most elements. Electron microprobe measures and element distribution maps confirm 
this homogeneity. Light element measurements showed homogeneous behaviour for Li and 
Be (RSD of 3%, 6% respectively), but B is significantly less homogeneous (average RSD of 
31%). Heating time dependent loss of Li, Be and B occurs throughout all studied samples, 
but Be and Li loss is always within analytical errors of the used methods (generally <10%). 
Significant B loss during fusion is found in almost every sample. In general, B is showing 
highly volatile behaviour, and at 1800°C most B has evaporated. Clearly, flux-less preparation 
of whole rock glasses is not a viable method for B analysis because of its volatility, but the 
method is well-suited for Li and Be.
to be submitted to Geochemical Standards Newsletter
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5.1. Introduction
The “very low atomic mass elements” (Li, 
Be and B) have low abundance in most 
terrestrial rocks. An increasing number of 
studies have shown that Li, Be and B contents 
are key tracers of geochemical processes. For 
example, Li in back-arc lavas is a proxy for slab 
depth (e.g. Moriguti and Nakamura, 1998), 
10Be is used to constrain exposure ages of 
erratic blocks (e.g. Phillips et al., 2006) and B 
is preferentially incorporated in serpentinites 
in oceanic or subduction zone settings (e.g. 
Benton et al., 2001; Vils et al., 2008). To be 
able to analyze these elements accurately, 
precisely, and efficiently is therefore of high 
interest to the geochemical society. 
Measuring whole rock composition in a 
quick and precise way has always been a 
challenge within geology, and to analyze 
the light elements is even more difficult. B 
contamination is quite common (e.g. Shaw 
et al., 1988) and measures avoiding it are 
proposed by Marschall and Ludwig (2004). 
One of the most used and quickest techniques 
for whole rock major and minor element 
analyses is X-ray fluorescence (XRF). As 
lithium-tetra-borate is used as a flux to 
lower melting points and to homogenize the 
samples, measurements of Li and B on the 
fused glasses are not possible. Be on the 
contrary is quite often measured (e.g. Paulick 
et al., 2006) and is accurate. Subsequent 
laser-ablation conductively coupled mass-
spectrometry (LA-ICPMS) measurements on 
the XRF glasses allow the precise analysis 
of trace element concentrations (Günther et 
al., 2001), but can cause long-lasting Li and 
B contamination of the ICPMS components. 
An additional limitation of the preparation of 
XRF glasses is that one needs a relatively big 
sample mass (typically 1.5 g).
Nicholls (1974) first described direct, flux-less 
fusion of whole rock powders to form glasses 
with a strip heater. He found that analysis of 
international standards for major elements 
by electron microprobe (EMP) analysis led to 
a good agreement with recommended values, 
and homogeneity occurred within the samples. 
Accuracy of direct fusion combined with LA-
ICPMS and EMP-measurements was shown by 
Fedorowich et al. (1993). Most elements were 
within 20% of the recommended values and 
precision ranged from 5 to 15% (Fedorowich 
et al., 1993). 
First accuracy measurements by Ottolini 
et al. (1993a) on glass-pellets from a strip 
heater showed that SIMS is a useful method 
to analyze Li, Be and B in-situ even in low 
quantities and that NIST 610 is a useful 
standard to calibrate over a wide spectrum of 
light element concentration (for more details, 
see ‘analytical part’). Based on NIST 610, 
studies on a wide variety of fields followed, 
e.g., studies of disequilibrium processes in 
T1
T2
Argon 
inlet 
Pump 
 V
Fig. 5.1. Schematic diagram of the Ir-strip heater and the connected devises at the University of 
Neuchâtel (modified after Nicholls, 1974; Stoll et al., 2008). Figure not to scale, however chamber 
diameter is 32cm. T1: adjustable transformer 1 (220V to 12V); T2: transformer 2 (12V to 0-12V). 
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xenoliths (Kaeser et al., 2007), measurements 
of B concentrations in foraminifera (Spivack et 
al., 1993), and analysis of Be behaviour during 
prograde Alpine metamorphism (Vils, 2009). 
New developments in analysis techniques 
allow even in-situ isotopic measurements in 
minerals with low light element abundances 
(e.g. δ7Li in olivine, Jeffcoate et al., 2007; δ11B 
in serpentine, Pabst et al., 2008). This makes 
SIMS a quick, precise, and accurate method 
for light element measurements. 
So far several studies used Ir-strip heaters 
to prepare glass pellets from whole rocks 
powders (e.g. Bottazzi et al., 1991; Ottolini 
et al., 1992; Ottolini et al., 1993b; Ottolini 
et al., 1993a) and analysed light element 
concentrations on these pellets. Le Fèvre 
and Ottlini (2006) proposed glass fusing in 
a graphite capsule as a possible method to 
produce Li and B standards for SIMS analyses, 
but so far the dataset is limited. Moreover, a 
systematic methodological study that looks 
into the behaviour of all three light elements 
during strip heater fusion is missing. The aim 
of this study is to show the light element 
behaviour on the Ir-strip heater under different 
temperature conditions and different heating 
times. Moreover, we discuss the limitations 
and problems in using Ir-strip heater glass 
pellets for light element studies. 
5.2. Sample description
For this study, we used well-characterized 
samples from the island of Syros (Greece, 
Table 1). The samples were collected by 
H. Marschall near Kampos and are high-
pressure metamorphosed equivalents of an 
ancient oceanic crust (e.g. Seck et al., 1996). 
The geological setting is well described 
in Marschall (2005). The treated samples 
are metabasites (Sy304, Sy342), eclogites 
(Sy323, Sy324, Sy411) and plagiogranites 
(Sy415). SiO2 content varies from 45 to 70 
wt% and Mg# (Mg#= 100*Mg/(Mg+Fe)) from 
18 to 53. Detailed descriptions and chemical 
compositions can be found in Marschall 
(2005); Marschall et al. (2006). Samples 
contain a wide variety of light element 
concentrations (Li 5.6-72.3 µg/g, Be 0.5-3.5 
µg/g, B 2.2-12 µg/g). Whole rock analyses of 
B have previously been conducted with PGAA 
and the precision of the published values 
is <1.3% (Marschall et al., 2005). Li and 
Be whole rock data are from wet chemistry 
ICP-AES and have an precision of ~20% 
(Marschall, 2005). The same powders as in 
Marschall (2005) have been used to avoid any 
additional contamination related to milling 
procedure or within-sample heterogeneity. 
5.3. Experimental and analyti-
cal procedure
For our experiments, we designed and built 
an Ir-strip heater based on Nicholls (1974), 
but with some key modifications (Fig. 5.1). 
The major modification is the placing of 
the Ir-strip heating element within a steel-
chamber. This allows the control of the fusion 
0
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T (°C) = 1069*ln (V after T1)- 2015.3
Fig. 5.2. Calibration curve obtained by pyrometer 
measurements on an Ir-strip during heating.
Table 1: Studied samples from Syros (Greece) and chemical composition after Marschall, 2005
Sample rock SiO2 xMg Li Li Be B H20
methode XRF XRF ICP-OES ICPMS 2 sigma ICP-MS PGNAA XRF
SY304 metabasic 45.74 53.8 7.75 n.a. - 0.46 12 3.17
SY342 metabasic 55.21 49.3 27.4 29.95 0.75 1 4.92 1.5
SY323 eclogite 45.35 44.8 45.8 42.02 0.44 2.1 4.77 0.78
SY324 eclogite 46.85 50.6 56.5 n.a. - 2.2 2.18 0.7
SY411 eclogite 49.39 54.7 72.3 n.a. - 2.9 3.8 0.5
SY415 meta-plagiogranite 70.32 17.9 5.62 5.27 0.05 3.5 10.6 0.68
SY347 serpentinites 41.41 90.8 0.91 1.34 0.05 0.24 5.52 12.12
SY429 serpentinites 45.03 87.5 2.81 2.49 0.09 0.47 11.3 9.75
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(Table 2). Fusion temperature was controlled 
by measuring the voltage after the first 
transformer (T1) and are given in Table 2. 
After fusion, melt was quenched by swiching 
off the power with simultaneous switch on of 
an argon jet over the sample (Fig. 5.1). Tests 
with the pyrometer had shown that the strip 
cooled down to a temperature below 800°C 
well within a second, while Stoll et al. (2008) 
also showed that complete freezing occurs 
after <1s. For analytical procedure the glass 
pellets were embedded within evapoxy. To 
avoid any glass rim contamination due to 
the strip or surface heterogeneity, samples 
were polished and analyses were done on 
the flat surface. Quantitative major-element 
analyses of the glass pellets were determined 
using an electron microprobe (EMP; Jeol JXA-
8200) at the University of Bern. A wave length 
dispersive mode with 15kV accelerating 
voltage and a beam current of 10 nA was 
used. Counting time for each element was 
20s (30s for Si and Al, background 10s) with 
a defocused beam of 10 µm to minimize 
Na and K volatilization and matrix effects. 
Natural silicates and oxides have been used 
for standardization. 
Li, B and Be were analyzed in-situ by 
Secondary Ion Mass Spectrometry (SIMS) 
using a modified Cameca IMS 3f ion 
microprobe at the Mineralogical Institute 
of Heidelberg, Germany, using the same 
machine setup as described in Vils et al. 
(2008). A 14.5keV/20nA 16O- primary beam 
with ~30 µm diameter and acceleration to a 
nominal energy of 4.5 keV for the positive 
environment and potentially reduces the loss 
of volatile elements. Additionally, a controlled 
atmosphere, argon environment within the 
chamber inhibits oxidation of the treated 
samples. Our design follows the previously 
described Ir-strip heaters in Nehring et al. 
(2008); Stoll et al. (2008). A 4 cm x 0.8 
cm strip (0.15-0.17 mm thick) is wedged 
between two copper energetic poles to use 
the energy resistance to heat the strip. To 
suppress oxidation and loss of volatile 
elements (e.g. B, Li or Na) the Ir-strip heater 
is placed in a chamber and prior to fusion 
flooded with technical argon. A porthole in 
the top lid with a quartz glass window and 
covered with a removable dark welding 
glass allows the inspection of the sample 
material during fusion (Fig. 5.1). An IRCON 
Modline 2 pyrometer was used to calibrate 
the temperature in the centre of the Ir-strip 
without sample material between 800 and 
1400°C, depending on the voltage measured 
at the first transformer. The following equation 
can be used to calculate the temperature at the 
Ir-strip heater at the University of Neuchâtel: 
T [°C]= 1069*ln([V] after T1) - 2015.3 (Fig. 
5.2). Measured temperature precision is in 
the range of ±25°C, but the error on the 
temperature is probably in the range of 50°C 
at temperatures above 1400°C, where the 
relation between voltage and temperature is 
extrapolated.
Only low amounts of sample material (3-11 
µg) were used to fuse on the strip. Heating 
time on the strip ranged from 30 to 240s and 
temperature ranged from 1500° to 1800°C 
Fig. 5.3. Electron-microprobe profile through a glass, showing the homogeneity over a glass.
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0 100 200 300 400 500 600 700 800 900
distance (µm)
(w
t%
)
Cr203
CaO
Mixed analyses
glass-evapoxy
Mixed analyses
glass-evapoxy
119
Iridium-Strip Heater
secondary ions was used. Secondary 7Li, 9Be, 
11B and 30Si ions were collected applying the 
energy filtering method using an offset of 75 
eV at a mass resolution of ~1030 (m/∆m, 
10%) and a nominal imaged field of 25 mm. 
Secondary ion intensities were normalized to 
the count rates of 30Si and calibrated against 
the NIST SRM610 glass reference material 
using the concentrations (preferred averages) 
reported in Pearce et al. (1997); the accuracy 
is estimated to be < 20% for Li and < 10% for 
Be and B (Ottolini et al., 1993a). Li, B and Be 
concentrations were quantified using the SiO2 
values of the corresponding EMP analysis. One 
single analysis comprised 10 cycles for each 
isotope with integration times of 8 s/cycle for 
Li, 16 s/cycle for Be and B, and 2 s/cycle for 
Si. The chosen setup and the background lead 
to a detection limit (critical value) of 1.4 ng/g 
(Li), 1.0 ng/g (Be) and 2.6 ng/g (B) (Currie, 
1968; Marschall and Ludwig, 2004). 
50µm
50µm50µm
Si Al Fe
Na CPCa
Si FeNa
50µm
50µm
50µm 50µm 50µm
50µm
Fig. 5.4. Element distribution images of glass 15 & 25 and back-scattered images showing major 
element homogeneity and heterogeneity of the studied samples. 
120
Iridium-Strip Heater
Due to the generally low concentration levels 
of Li, Be and B in mantle rocks, contamination 
during sample preparation and handling is 
always problematic, particularly for B (Shaw 
et al., 1988). Careful sample preparation is 
thus a necessary prerequisite for accurate 
analyses (see Marschall and Ludwig, 2004 
for details). At the beginning of each SIMS 
analysis, a presputtering of ~400 s was 
applied to eliminate the potential rest of 
surface contamination. Additionally the 
imaged field was set smaller than the primary 
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Fig. 5.5a. Measured light element/reference value versus time and temperature (reference values 
after Marschall, 2005; Table 1). Accuracy of SIMS-analyses indicated, showing range of analytical 
error.
beam diameter (applying field aperture 
#2, d=750 µm) to suppress contaminating 
secondary ions from the crater edges 
(Benninghoven et al., 1987). Following the 
procedure described by Marschall and Ludwig 
(2004), the B contamination level is <2 ng/g. 
Li contamination is typically ~50 times lesser 
than for B, and Be does not show any sign of 
contamination.
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5.4. Results
Visual observation of the glasses has 
been conducted prior to any analytics, and 
heterogeneous samples have been excluded 
for further analyses. Overall microscopically 
determined heterogeneity was low. All 
experimental results are reported in Table 2, 
for homogeneous and heterogeneous samples. 
Average light element contents are reported 
in Table 3. In general, most experiments have 
been conducted under 1700°C as experience 
showed that, under these conditions, even 
spinels are dissolved into the glass phase. 
Some light element contents correspond to 
single analyses, thus minimal, maximal, and 
standard deviations are missing (Table 3). 
Mostly these points reflect heterogeneous 
glasses which are interesting in understanding 
low temperatures or low melting times, even 
if values can only be used as estimates. 
Table 2: Experimental conditions on the stripheater
glass Sample Time T voltage T1 glass Sample Time T voltage T1
SYXXX (s) (°C) (V) SYXXX (s) (°C) (V)
1 411 60 1700 33.6 h 44 411 60 1600 29.1 p
2 323 60 1700 33.6 h 45 323 60 1600 29.2
3 324 60 1700 33.8 h 46 323 60 1800 35.3 h
4 304 60 1700 33.6 h 47 324 60 1800 35.6 h
5 415 60 1700 33.6 p 48 411 60 1800 35.6 h
6 342 60 1700 33.6 p 49 411 30 1800 35.8
7 323 90 1700 h 50 411 240 1800 35.4 h
8 323 120 1700 34.1 h 51 411 120 1800 35.6
9 323 240 1700 34.3 h 52 411 90 1800 34.9 h
10 324 90 1700 h 53 411 120 1800 air 35.8 h
11 324 120 1700 33.6 h 54 411 60 1800 air 36 h
12 324 30 1700 33.6 h 55 304 60 1800 air 36.1 h
13 411 90 1700 33.5 56 304 120 1800 air 36.2 h
14 411 120 1700 33.5 h 57 304 60 1800 36.3 h
15 411 30 1700 33.4 58 304 90 1800 36.4 h
16 411 240 1700 33.5 h 59 304 30 1800 36.2 h
17 304 90 1700 33.5 h 60 304 120 1800 36.2 h
18 304 30 1700 33.4 h 61 304 240 1800 36.6
19 304 120 1700 33.5 h 62 342 90 1800 36.6 p
20 304 240 1700 33.6 63 342 120 1800 36.7 p
21 415 90 1700 33.5 p 64 342 60 1800 36.4
22 415 120 1700 33.6 p 64A 342 240 1800 36.4 p
23 415 30 1700 33.8 p 65 323 120 1800 36.6
24 342 90 1700 33.6 66 323 240 1800 36.6 h
25 342 30 1700 33.7 67 323 90 1800 35.9 h
26 342 120 1700 33.7 p 68 415 60 1800 36.3 p
27 411 60 1700 air 34.1 69 415 120 1800 36.9 p
28 411 120 1700 air 34.1 70 415 30 1800 36.5 p
29 304 60 1700 air 34.3 71 415 240 1800 36.4
30 304 120 1700 air 34.3 h 72 411 stepA 1700 xx
31 415 60 1500 34.2 h 73 411 step B 1700 h
32 411 45 1700 34.2 h 74 411 step C 1700 h
33 411 60 1500 27.2 h 75 304 stepA 1700 p
34 411 60 1500 b 27.4 h 76 304 step B 1700 p
35 323 60 1500 27.3 p 77 304 step C 1700 p
36 324 60 1500 27.3 h 78 304 60 1700 33.7 h
37 304 60 1500 27.4 p 79 304 60 1700 34
38 415 60 1500 27.3 p 80 411 60 1700 34.1 h
39 342 60 1500 27.3 p 81 429 60 1700 34 h
40 342 60 1600 29.3 p 82 347 60 1700 34.1 h
41 415 60 1600 29.2 p
42 304 60 1600 29.1
43 324 60 1600 29.2 xx
h homogene
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Fig. 5.5b. Measured light element/reference value 
versus temperature showing time dependency of 
the samples (reference values after Marschall, 
2005; Table 1).
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5.5. Discussion
5.5.1 Homogeneity of the glass 
Homogeneity of glass samples is important 
to validate any analytical measures, therefore 
all studied glasses have been investigated on 
the optical microscope to select homogeneous 
glasses prior to any analytical treatment (Table 
2). Back-scattered images on the selected 
homogeneous samples show no elemental 
heterogeneity (Fig. 5.2). Additionally, 
measurements of transects on Ir-strip heater 
glasses revealed that major elements do not 
show any zonation across glasses classified 
as homogeneous after optical inspection (Fig. 
5.3). As Nicholls (1974); Fedorowich et al. 
(1993) already stated, no heterogeneity with 
respect to major and rare Earth elements 
in strip heater glasses occurs. To illustrate 
this homogeneity, we conducted element-
distribution maps. Fig. 5.4 shows such a 
map for sample SY411 (glass 15) on major 
elements for Si, Ca, Al, Mg and Fe. No visible 
structure with exception of cracks and dust on 
the surface is shown in the images (Fig. 5.4). 
Overall, studied glasses are homogeneous, 
even at the rim of a sample (Fig. 5.4). 
Heterogeneity of a sample is illustrated by 
mapping a quartz bearing glass (sample 
SY342; glass 25). The two quartz crystals 
are clearly visible and zonal heterogeneity 
is shown in the glass around the minerals 
(Fig. 5.4). Observations of random, pixel 
size heterogeneity in homogeneous glasses 
correspond thus to analytical uncertainties 
and not to chemical heterogeneity (Fig. 5.4). 
Light element measures show partial 
homogeneity. Relative standard deviations 
(RSD) of repeated concentration 
measurements within the same glass reveal 
that Li has homogeneity within 5%. Be has 
a higher grade of heterogeneity within 14%. 
Degree of B homogeneity is low, as RSD is 
on average 31%. RSD of Li and Be are within 
the analytical error of the SIMS, and thus Li 
and Be measurements are considered to be 
homogeneous, as no variation in the RSD 
is observed within the studied samples. On 
the contrary, RSD of B measurements are 
higher than analytical error, and variation 
with temperature occurs. We therefore 
conclude that Li and Be are homogeneous 
distributed in the glasses and that B is slightly 
heterogeneous.
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5.5.2 Behaviour of Li, Be and B compared 
to temperature and concentration
Most concerns about using any high-
temperature heating methods are that volatile 
elements (e.g. H2O, Li, Be and B) might be 
lost during glass pellets formation. The use of 
flux-fusion in XRF should decrease the loss of 
volatile trace elements, as lower temperature 
than melting temperature for pure rock can 
be used (~1100°C). Nevertheless, as heating 
for homogenisation is taking about an hour, 
all fluids disappear and significant amounts 
of light elements may also be lost during the 
XRF glass preparation. The strengths of direct 
fusion on Ir-strip heater are lower heating 
times and variable heating temperatures. 
Studies of Stoll et al. (2008) revealed that 
major and trace elements are homogeneous 
for melting temperature ≥1500°C. They 
proposed 1600°C and 10s as an optimal 
experimental temperature, as homogeneity 
for major elements and REE occurs. These 
conditions are somehow contradictory to 
previous reported values (60-120s and 
>1650°C) to obtain homogeneous glasses by 
Fedorowich et al. (1993). Our experiments on 
different times and temperatures are shown 
in Fig. 5.5. Data have been normalized to the 
reference value (Table 1) and are presented 
with regards to fusion time and temperature 
(Fig. 5.5). Both Li and Be concentrations do 
not show any significant time and temperature 
dependency, in contrast to B. High volatile 
loss occurs in B with increasing heating time, 
regardless of the initial B concentration and 
heating temperature (Fig. 5.5). At lower 
temperature, it is expected that lower B loss 
occurs as less fluids escape. Nevertheless, 
this is not observed as high Bmeasured/Breference 
ratios over all temperatures occur and 
temperature does not seem to play a critical 
role (Fig. 5.5). However, sample SY415 has 
low H2O content (0.68wt%) and at 240s and 
1800°C high Bmeasured/Breference ratios are shown 
(Fig. 5.5). On the contrary, high B loss seem 
to occur at 1500°C and 60s for the same 
sample. We suggest that, even if not visible 
at microscope, heterogeneity within this 
experimental glass must occur to explain such 
low B concentrations. Not only temperature 
and time play a role in B loss, but probably also 
the volatiles available in the treated sample, 
as indicated by sample SY415. Although Li 
values are within the analytical error, some Li 
loss seems to occur, as the minimum Limeasured/
Lireference ratio is slightly decreasing with time 
and temperature (e.g. 0.82 at 1500°C and 
0.74 at 1800°C). 
5.5.3 Accuracy of the data
The accuracy of a dataset gives information if 
precise measurements are in good agreement 
with previously published results, which are 
assumed accurate. SIMS measurements of 
glasses measured here are comparable to 
whole rock measurements with PGAA and 
ICP-AES (Marschall, 2005). The accuracy 
for Li is within the range of analytical error 
±20%. Similar accuracy is observed for Be 
concentrations. On the contrary, B is acting as 
a highly volatile element as discussed above, 
and is highly depleted in higher temperatures 
compared to initial composition (Fig. 5.5). 
Therefore, B content of the studied samples 
is not accurate and B concentration measured 
on glass pellets formed on a strip heater or 
any heating related experiment have to be 
interpreted with caution. A promising solution 
to overcome the problem of B loss may be to 
place a Ir-strip heater within a pressure vessel 
(personal communication, Jörg Hermann), 
but this could not be tested in our set-up. 
5.6. Conclusion
In general, the Ir-strip heater is a useful 
tool to acquire precise and accurate whole 
rock data. With respect to light elements, Li 
and Be measures revealed that over a wide 
range of temperature (1500-1800°C), fusion 
time (30-240s) and sample concentrations, 
the measured values are accurate and 
within the analytical error of other methods. 
B on the contrary showed highly volatile 
behaviour, which lead to low accuracy and 
low homogeneity of the studied samples. 
Moreover, combined analyses of Ir-strip 
heater flux free fusion and SIMS is rather fast 
(comparing to any wet chemistry method). 
Therefore a high samples throughput can be 
achieved. 
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Chapter VI
Summary of conclusions, implications 
and perspectives
The light element systematics of oceanic mantle were poorly constrained before the SNF-
project “The oceanic mantle as an important repository for the light elements Li, Be and B” 
started. In the last years, two PhD students (Laure Pelletier and Flurin Vils) tried to identify 
major processes and parameters involved in light element enrichments or depletions within 
oceanic mantle from different tectonic settings. During this project, high-standard scientific 
collaborations with scientists from Heidelberg (D), Frankfurt (D), Budapest (H), Bern (CH), 
Lausanne (CH) and Pisa (I) were developed, and data were collected. The main questions 
addressed in this thesis were:
What are the light element contents of oceanic peridotites? What are the light element 
contents of the minerals composing oceanic and ophiolitic peridotites? Which mineral phase(s) 
is/are the major carrier(s) of Li, Be or B?
What is the implication of serpentinization for the light element budget of a subduction 
zone? Does serpentinized mantle play a key role in light element recycling?
What is the influence of serpentinization on the isotopic composition of mantle peridotites? 
Does seawater deplete or enrich the rocks in Li, Be and B?
What does prograde metamorphism do to the light element composition of serpentinized 
oceanic mantle? Does antigorite contain the same amount of light elements as chrysotile?
Can Li, Be and B whole rock contents be measured on iridium-strip heater glass pellets? Is 
there loss or gain of light elements during sample preparation with an Ir-strip heater? What 
is the influence of heating time and temperature during direct fusion on the homogeneity of 
the samples? 
In order to answer these questions, an in-situ and whole rock petrological and geochemical 
study based on major and light element concentrations was conducted, as well as multi-
isotope analysis of boron, lithium and strontium. Serpentinites recovered from the mid-
Atlantic ridge and from the Alps (Totalp, Platta and Malenco) were selected for these studies 
and the results were presented in the individual chapters of this thesis. These chapters are 
partially submitted or published in international peer-reviewed journals. 
In general, serpentinization was identified to be the major process controlling light element 
contents of partially to completely serpentinized peridotites. However, some minor processes, 
serpentinizing fluid compositions, and the effect of serpentinization conditions (e.g. pH, T) 
are not yet fully understood and the project revealed further questions which may be solved 
in future research projects. In the following paragraphs, major results and conclusions are 
combined, discussed and generalised. 
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6.1 Summary of conclusions 
and comparison with literature
Whole rock
1. No methods to analyse whole rock 
concentrations of Li, Be and B together 
were available up to now. Thus, we tried 
to combine available in-situ analyses by 
ion probe with direct fusion of whole rock 
samples on an Ir-strip heater to develop a 
quick and routine protocol to measure these 
three elements. Experiments testing the 
accuracy and precision of this approach were 
conducted at 1500 to 1800°C and 30 to 240s. 
Optimum temperature and time conditions 
were identified as 1700°C and 60s heating 
time to obtain homogeneous glasses and 
dissolution of all mineral phases (e.g. spinel). 
Ion probe measurements revealed that loss 
of all three elements occurred, but Li and Be 
contents were within analytical error, whereas 
a significant loss of B was reported during the 
high-temperature experiments (at 1800°C). 
However, low H2O concentration (0.68 µg/g) 
within one studied sample led to nearly no 
loss of B even at 1800°C. 
2. In oceanic settings, B concentrations 
in serpentinized peridotites are high (e.g. 
Bonatti et al., 1984). Higher H2O contents of 
serpentinites are associated with increased B 
contents (Fig. 6.1). The dependency of B on 
water contents reveals that serpentinization 
is the leading process enriching unaltered 
mantle rock with B. Li, on the other hand, 
becomes depleted with increasing H2O 
content. Li and B whole rock compositions of 
the studied oceanic serpentinites therefore 
show an inverse correlation of Li and B 
concentrations (Fig. 6.1). Pindos and Vourinos 
serpentines have low B content and average 
Li concentration (Fig. 6.1). Such systematics 
may develop during serpentinization by a fluid 
depleted in B compared to seawater. Mariana 
fore-arc serpentinites are enriched in Li 
compared to oceanic serpentinites, probably 
as a result of dehydration reactions occurring 
in the underlying subduction zone. Ophiolitic 
serpentinites (Feather River and Geisspfad) 
have constant B concentrations, but vary 
highly in Li. In general, B in serpentinites is 
enriched compared to depleted mantle (DM) 
and Li shows variable behaviour. During 
low T serpentinization, Li and B behave 
complementary. Be, on the contrary, does 
not vary with changing H2O concentration. 
In-situ
3. In-situ light element analyses of primary 
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Fig. 6.1. A) PGAA analyses of whole rock samples from different localities showing B versus H2O 
diagram. B content is increasing with increasing serpentinization of the rocks (higher H2O). Data are 
from Pelletier (2008) and this study. B) Li versus B diagram, in grey contribution of this study. PM 
primitive mantle (McDonough and Sun, 1995); DM depleted mantle (Salters and Stracke, 2004); 
Mariana fore-arc (Benton et al. 2001; Benton et al. 2004; Savov et al. 2007); Geisspfad ophiolite 
(Pelletier et al. 2008a); ODP Leg 209 (Vils et al., 2008); Feather river (Li and Lee, 2006); Pindos and 
Vourinos ophiolites (Pelletier et al., 2008b; this study). 
BA
131
Conclusions
phases (e.g. olivine) in serpentinized 
peridotites showed that in general Li, Be and 
B contents are low compared to secondary 
phases (e.g. serpentinite), but late-stage 
metasomatism increases the Li concentrations 
of clinopyroxenes (Fig. 2.9). Further on, Be 
contents in clinoproxenes formed in an oceanic 
setting differ from those clinopyroxenes 
formed in a subcontinental setting (Fig 4.6). 
This is important as it allows fingerprinting 
ancient igneous events in mantle peridotites. 
Overall, primary phases from oceanic and 
ophiolitic settings analyzed in this study 
are low in Li and B compared to secondary 
phases, while Be content is similar (e.g. Fig. 
2.9 and 2.10). 
4. In-situ analyses of serpentine are 
challenging, as grain size is mostly below 
ion probe spotsize (~12 µm). To assure 
that measured analyses are single-phase 
measurements and not a melange of different 
minerals, we conducted TEM analyses on 
different serpentine types in one ODP Leg 
209 sample (Fig. 6.2). In bastite (formed 
after pyroxene) and mesh serpentine (after 
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Fig. 6.2. TEM images of sample OD 28, showing A) chrysotile overgrowing lizardite; B) chrysotile single 
crystal structure; C) lizardite structure. A Philips CM20(0) TEM at the Institute of Microtechnology 
(University of Neuchâtel) was used. 
Fig. 6.3. Li versus B diagram of serpentine 
measurements. Alpine chrysotile consists of 
Totalp, Platta (this study); ocean serpentine field 
(ODP Leg 209); Alpine antigorite field consisting of 
Pfulwe, Geisspfad and Malenco (Marschall, 2005; 
Pelletier et al., 2008a; this thesis); Pindos and 
Vourinos (Pelletier et al., 2008; this thesis); Syros 
field after Marschall (2005); Betic Cordillera and 
HP (Erro-Tobbio) after Scambelluri et al. (2004).
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olivine), chrysotile and lizardite occur. Low-
temperature replacement of lizardite by 
chrysotile is recorded in bastite (Fig. 6.2). 
No other mineral phase was identified by 
TEM analysis. Additionally, measurements 
on several serpentinites by micro-Raman 
confirmed these observations, although high 
Li (>1µg/g) concentration in serpentine was 
attributed to incomplete serpentinization 
of the studied samples. Thus, ion probe 
measurements are assumed to represent 
mono-serpentine analyses, although probably 
composed of chrysotile and lizardite. 
5. Serpentine (chrysotile) formed in the 
ocean is high in B and mostly lower in Li 
content than depleted mantle (0.7 µg/g Li, 
0.06 µg/g B; Salters and Stracke, 2004; Fig. 
6.3). Chrysotile occurring in Alpine settings 
has higher Li and similar B concentrations 
as chrysotile formed in the ocean. Antigorite 
measurements reveal that its B content is 
lower than that of serpentine formed in oceanic 
environments, but its Li content is variable. 
B loss thus occurred during prograde Alpine 
metamorphism. Overall, serpentine shows 
variability in Li and B concentrations, although 
different serpentinite types and formation 
environments can be distinguished.
Isotopes
6. 87Sr/86Sr whole rock analyses revealed 
ODP Leg 209 peridotites from the mid-Atlantic 
ridge were serpentinized at moderate water/
rock ratios (average 39). Further on, this 
thesis reports the highest δ11B and lowest δ7Li 
measured so far in serpentinized peridotites 
(Fig. 3.6). This is in line with high B and low 
Li contents in these abyssal peridotites and 
supports the hypothesis that Li is leached out 
of the rock while B is enriched. Additionally, 
the fluid source of the high δ11B and low δ7Li 
signal is probably a seawater batch passing 
through the oceanic mantle, evolving during 
water-rock interactions with increasing 
volume passed. In-situ measurements of 
δ11B in serpentine on two samples on the ion 
probe showed that δ11B signal is dominated by 
serpentine (Fig. 6.4). This correlates with in-
situ B measurements. As low sample numbers 
have been measured, no general conclusion 
can be drawn. Nevertheless, if we calculate 
an average of the measured phases (OD 2: 
+27.80‰ δ11B, 46.4 µg/g B and OD 15: 
+26.65‰ δ11B, 50.19 µg/g B, respectively), 
the calculated values are similar to the whole 
rock δ11B and B measurements (Fig. 6.4). 
6.2 Implications 
During this project we could show that 
serpentinized mantle rocks are highly enriched 
in B and rather depleted in Li compared to the 
depleted mantle (DM). Be, on the other hand, 
seems immobile during serpentinization, as 
no enrichment in Be compared to DM was 
found. Further on, as Be has a very low 
abundances in mantle rocks and seawater, 
any enrichment/depletion is probably similar 
to the range of natural variations. During 
prograde metamorphism, on the other hand, 
phase transformation of serpentine extracts 
B and Li, while Be concentrations remain 
unaffected. During emplacement of an 
ophiolite body into the continental crust Li, Be 
and B concentrations of oceanic serpentinites 
can change by retrograde fluid flows (Pelletier, 
2008). Obducted serpentinites, on the 
contrary, can keep oceanic signatures (e.g. 
Pindos (Pelletier, 2008) and Vourinos. 
The main focus of this project was to quantify 
the light element input into subduction zones. 
Assuming that the isotopic and elemental 
composition found at ODP Leg 209 is 
representative for rocks entering a subduction 
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Fig. 6.4. Uncorrected in-situ measurements 
(ion probe) of δ11B and B content on two ODP 
Leg 209 samples (OD 2 and OD 15) of different 
serpentine textures are shown in δ11B versus B 
content diagram. Whole rock (WR) data are 
shown for reference (Vils et al., 2009), δ11B data 
are corrected to SIMS-fractionation (-6‰). 
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zone, subduction of seawater-altered oceanic 
lithosphere would have a major impact on 
the light element cycle within the subduction 
zone factory. Depth of serpentinization 
has been identified as a crucial parameter 
required to generate any fully quantitative 
model for the light elements contribution 
of the oceanic mantle during recycling and 
further research to quantify serpentinization 
is needed. Nevertheless, our results allow us 
to identify several processes regarding light 
elements occurrence in mantle rocks within 
the subduction zone. As Li is rather leached 
out of the rock and Be concentration is very 
low, the recycling within the subduction zone 
of Li and Be is dominated by the sediments 
and the mafic rocks and is not commented 
further on. The major implications for B 
element cycling in subduction zones are listed 
below, based on the results of this thesis and 
the thesis of Laure Pelletier (UNINE).
First, during serpentinization, B 
concentrations in mantle rocks are highly 
increasing (three orders of magnitudes), 
reaching contents similar to those of altered 
MORB and pelagic sediments. The results 
presented in Chapter 2 showed, that there is 
a difference between slow- and fast-spreading 
ridges. At slow- and fast-spreading ridges, 
the serpentinized mantle buffers the B budget 
of the oceanic plate, while at fast-spreading 
ridges the oceanic crust is controlling 
the Li budget. Although most of today’s 
subducted ocean crust is of fast-spreading 
ridge type, the ancient Tethys was produced 
by slow-spreading ridges. Therefore, most 
serpentinites and metamorphosed oceanic 
crust exposed on-land are relicts of slow-
spreading ridges, and their chemical signature 
should be similar to ODP Leg 209. Thus, B 
incorporated in serpentinites is an important 
reservoir possibly brought to depth within the 
subduction zone, and exposed rocks reflect 
processes related to slow-spreading ridges 
and subduction of the latter. 
Second, the transformation of chrysotile 
to antigorite in Alpine ophiolites shows a B 
loss of one order of magnitude. The same 
reaction takes place within a subduction 
zone, and B is expelled. The chrysotile-
antigorite transformation occurs at around 
200°C, which is a condition rather found 
during the “early stage” of subduction. Thus, 
the expelled B is probably released by fluids 
into the accretionary prism or into the mantle 
wedge at shallow subduction. 
Third, due to the chrysotile-antigorite 
transformation, a lesser amount of B is 
available at the antigorite-breakdown 
compared to the initial oceanic stage, but 
antigorite is still an important reservoir of B 
at these depths. The breakdown of antigorite 
liberates a fluid that probably ascends in the 
mantle wedge. B is mobile, hence it will be 
most likely be liberated into the fluid phase. 
This deserpentinization reaction is probably 
the reason why a change in B/Be ratio with 
increasing slab depth occurs in back-arc 
volcanoes (e.g. Bebout et al., 1993; Ryan et 
al., 1996; Bouvier et al., 2008).
Fourth, we measured the highest δ11B values 
reported so far at ODP Leg 209. Assuming 
that these isotopic ratios are re-equilibrated 
neither in the ocean, nor during plate 
bending nor during the chrysotile-antigorite 
transformation, such a signal can be brought 
to depth. B isotopes in the fluid will probably 
follow a Rayleigh dehydration path, implying 
a decrease of δ11B signal in the released 
fluids, accompanied by B loss in the rocks. In 
that way, a signal similar to what is found in 
today’s OIB can be reached (e.g. Chaussidon 
and Marty, 1995; Turner et al., 2007. The δ11B 
signal of ODP Leg 209 is associated with high 
B contents. Hence the released fluid should 
also be enriched in B (compared to DM) and as 
a result, this δ11B signal would be transferred 
to surrounding rocks during dehydration or 
melting and modify considerably the isotopic 
composition of the mantle.
6.3 Further research topics
This thesis, together with the thesis of Laure 
Pelletier (2008, University of Neuchâtel), 
gives an overview on the light element 
systematics of serpentinized peridotites in 
different geological settings. Nevertheless, 
some questions still remain and others have 
been raised during the interpretation of 
accumulated data. Therefore, open questions 
are summarized and further research fields 
suggested below.
Although our project covered a wide • 
variety of different tectonic settings, not 
every serpentinization process (see Fig. 
1.5) has been studied. Further research 
should focus on off-axis serpentinization, 
as this process is still poorly constrained. 
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New ocean drilling programs, the Nankai 
Trough Seismogenic Zone Experiment 
(NanTroSEIZE), where drilling through 
an oceanic plate into a subducted slab 
is planned, should reveal important 
information on dehydration processes 
during early subduction. Moreover, the 
light element studies of (pore-) fluids 
in drilled rocks from NanTroSEIZE will 
increase the knowledge about the light 
element cycle. Additionally, methods to 
trap diffusive fluids in accretionary prisms 
should be developed. The captured fluids 
should reveal additional information 
about dehydration processes during early 
subduction.
Low-temperature interactions between • 
the oceanic plate and seawater during 
residence in the ocean are not yet 
fully understood. Are seawater-rock 
interactions restricted to mid-ocean 
ridges, or is it an ongoing process? Does 
serpentinization occur off-ridge? How is 
serpentinization working during plate 
bending at the subduction zone? How 
does the fluid composition change through 
interaction with the oceanic mantle? 
Is there a chance to further enrich the 
oceanic plate in B with these processes?
To understand the behaviour of light • 
elements within subduction zones it is 
important to increase our knowledge 
on partition coefficients, in particular 
partition coefficients of minerals formed 
from antigorite breakdown as well as 
during antigorite formation. As Ulmer 
and Trommsdorff (1995) showed, 
antigorite is the possible water source to 
the mantle and therefore an important 
deliverer of mobile elements to the mantle 
wedge. Further on, recent geochemical 
investigations and modelling on 
ultramafic-hosted hydrothermal systems 
suggested that brucite probably plays a 
major role in the fluid emerging at such 
vent sites (Boschi, 2006; Foustoukos et 
al., 2008). Therefore a detailed study 
on light element compositions and 
fractionation factors between brucite and 
fluid, serpentine and clay minerals should 
clarify these issues.
Studies of • δ7Li and δ11B in serpentinites 
are few and the interaction of the two 
systems during serpentinization is still 
not clear. An increasing number of 
measurements on ophiolitic and oceanic 
serpentinites as well as fresh peridotites 
are needed to constrain whether light 
element concentrations in mantle rocks 
established within the ocean remain 
unchanged during subduction and 
metamorphism. Unpublished data from 
dredged serpentinites of the Vema fracture 
zone showed that with increasing age δ11B 
decreases, approaching the equilibrium 
value between seawater and silicate 
rocks (+21‰; personal communication 
S. Tonarini). It is therefore not clear if 
an isotopic signal similar to that of ODP 
Leg 209 data is stable during residence in 
the ocean, or if equilibration to seawater 
occurs.
In-situ isotopic work on mantle xenoliths • 
suggested that Li diffuses fast within 
olivine and pyroxenes, and minerals 
show zoning profiles (e.g. Jeffcoate et 
al., 2007). No in-situ δ11B, and only one 
in-situ δ7Li study on serpentinites, is 
published to date. As Li is less abundant 
in serpentinites, in-situ δ7Li work would 
be challenging and may not always be 
possible. B, on the contrary, is highly 
enriched, and in-situ work may be used 
to identify different serpentinization 
events or fluid origins. Work in progress 
at the University of Heidelberg by Sonja 
Pabst on mud volcanoes from the Mariana 
fore-arc will probably help to understand 
dehydration reactions and fluid mixing 
processes during early subduction.
More experiments on the light element • 
systematics of serpentine in low-
temperature environments are needed 
to increase the understanding of natural 
observations and theoretical modelling. 
For example, it is known that B isotope 
compositions are pH-dependent. So far, 
Li isotopic compositions are assumed not 
to be pH-dependent. Comparison of Hess 
Deep and ODP Leg 209 samples reveals 
a different behaviour of Li fractionation 
at high and low temperature (Decitre 
et al., 2002; Vils et al., 2009) and pH-
dependency should be considered as a 
potential key player for such behaviour. 
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Additional sample descriptions
Before samples were measured on the EMP and on the SIMS, they were studied under the 
microscope and mostly also under the SEM, taking BSE images. In this appendix, I summarize 
the major mineral phases of each sample and document their occurrence with BSE images. 
The reported samples are from ODP Leg 209 (MAR; chapter II), Totalp (CH; chapter IV), 
Platta (CH; chapter IV), Malenco (I; chapter IV), Vourinos (GR; appendix B), Pindos (GR; 
Pelltier et al., 2008) and Cima di Gangnone (CH; appendix B).  
Abbreviation mineral
ol   olivine
cpx   clinopyroxene
opx   orthopyroxene
spl   spinel
mgt   magnetite
serp   serpentine 
chry   chrysotile
ant   antigorite
chl   chlorite
amph  amphibole
mag   magnesite
il   illmenite
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OD 2
Depth:  61.75 m.b.s.f.
Minerals: ol, mgt, serp
Ol grain surrounded by serpentine Mgt grain in serpentine; lower right, bastite 
structure with former clinopyroxenne lamellae
Depth:  76.53 m.b.s.f.
Minerals: spl, mgt, serp
Lamellar bastite; top right: chrysotileOverview image showing spl-mgt in serpentine 
matrix
Chrysotile vein in serpentine matrix; top right: 
mgt crystals
OD 6
ODP Leg 209
ODP Leg 209
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OD 7
Depth:  80.18 m.b.s.f.
Minerals: spl, mgt, serp
Overview showing serpentinization structures Spinel grain with mgt margin in serpentine 
matrix
Depth:  89.92 m.b.s.f.
Minerals: spl, mgt, serp
Chrysotile vein in serp matix
OD 11
Bastite after opx with former cpx lamellaeSerpentine matrix
ODP Leg 209
ODP Leg 209
Close-up chrysotile vein
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OD 15
Depth:  99.85 m.b.s.f.
Minerals: mgt, spl, serp
Overview of serpentine texture Serpentine texture of former opx (left) and olivine 
(right)
Depth:  110.19 m.b.s.f.
Minerals: spl, mgt, serp
Bastite surrounded by magnetite
OD 18
Flaky antigorite (determind by Micro-Raman, 
Pelletier, 2008)
Chrysotile vein cross-cutting antigorite vein
ODP Leg 209
ODP Leg 209
Chrysotile vein
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OD 22
Depth:  120.05 m.b.s.f.
Minerals: opx, mgt, spl, serp
Opx in serpentine Cpx exsolution-lamellae in opx; serpentine vein 
cross-cutting the grain
Depth:  125.08 m.b.s.f.
Minerals: ol, opx, spl, mgt, serp
Mgt overgrowing former bastite (after opx)
OD 26
Ol in serpentine matrixOpx grain in serpentine; small cpx grain upper 
part left
ODP Leg 209
ODP Leg 209
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OD 28
Depth:  127.30 m.b.s.f.
Minerals: cpx, opx, ol, mgt, spl, serp
Elongated cpx grain between opx (with exsolution 
lamellae in serpentine
Serpentine matrix
Depth:  129.42 m.b.s.f.
Minerals: cpx, ol, opx, spl, mgt, serp
Bastite with small relicts of opx grains (in the 
middle)
OD 29
Mgt grains in serpentine matrixOl in serpentine matrix
ODP Leg 209
ODP Leg 209
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OD 45
Depth:  36.45 m.b.s.f.
Minerals: cpx, opx, ol, mgt, spl, serp
Cpx-grain surrounded by serp and ol Ol in serpentine matrix
Cpx at the edge of a bastite; opx left over in the 
lower right corner
ODP Leg 209
Site 1274A
144
Appendix A
To 1
Location:  780’425 / 190’200
Minerals: cpx, opx, ol, amph, spl, mgt, serp, chl
Cpx in serp surrounded by ol; darker spots are 
chl
Large ol grain in serp; white phase is spl
To 7
Ol grains in serpentine matrixCpx grains with opx and serp surrounding them
Totalp 
Location:  782’325 / 191’200
Minerals: cpx, opx, ol,  spl, mgt, serp, chl Totalp 
Cpx grain surrounding opx grain in serpentine
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NAP 7
Location:  769’500 / 153’005
Minerals: cpx, spl, mgt, serp, chl
Overview with cpx and mgt in serpentine matrix Serpentine texture, serp vein in the lower part
NAP 99-2
Serpentine textureOl grain in serp matrix; white mgt
Lower Platta
Location:  769’650 / 152’500
Minerals: cpx, spl, mgt, serp, chl
Spinel grain with mgt margin in serp
Lower Platta
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P 6
Location:  770’120 / 153’310
Minerals: cpx, spl, mgt, serp
Overview with one cpx grain Fine-grained mgt in serpentine matrix; serp vein 
cross-cutting
CRP 3
Former cpx lamellae (in opx), serpentinzedOpx in serpentine with mgt grains
Lower Platta
Location:  767’750 / 147’250
Minerals: cpx, spl, mgt, serp, chl Lower Platta
STP 5-2
Spinel grain with mgt in serpentineCpx and mgt in serpentine matrix
Location:  766’350 / 151’125
Minerals: cpx, spl, mgt, serp, chlLower Platta
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VEP 8
Location:  772’625 / 159’675
Minerals: cpx, spl, mgt, serp, chl
Ol grain in serpentine matrix Mgt grain in serpentine matrix
FAP 4
Serpentine textureOverview, serpentine veins cross-cutting and mgt 
grains visible
Upper Platta
Location:  771’325 / 157’650
Minerals: cpx, mgt, serp, chl
Cpx grains with mgt grains in serpentine matrix, 
serp vein crossing the section
Upper Platta
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L-UM 112-4
Location:  784’105 / 130’720
Minerals: cpx, opx, ol, amph, spl, chl
Cpx grains surrounded by amph, chl and ol Two cpx- rains in chl; spl on the right 
P-UM 117
close-up of vein diopsideVein diopside in serp-chl matrix surrounded by ol
Location:  781’460 / 130’110
Minerals: cpx, ol, mgt, serp, chl
Sample texture overview Ol grains in serpentine matrix
L-UM 224
Location:  784’105 / 130’720
Minerals: cpx, ol, amph, spl, mgt, serp, chl
Malenco
Malenco
Malenco
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L-UM 216
Location:  784’105 / 130’720
Minerals: opx, ol, amph, spl, serp, chl
Overview of sample texture; whitish grain spl Spl grain in serp-chl amtrix surrounded by ol, opx 
and amph
L-UM 226
Mgt-grain in serpentine surrounded by olOl-grains in serpentine
Location:  781’460 / 130’110
Minerals: cpx, opx, ol, trem, spl, chl
Overvies with spl surrounded serp-chl matrix; ol 
and cpx grains
Ol-grain in cpx surrounded by serp
Malenco
Malenco
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MG 65
Location:  770’120 / 153’310
Minerals: mgt, serp, chl
Fine-grained serpentine texture with mgt Fine grained serpentine texture with mgt
Malenco
151
Appendix A
Vo 41
Location:  34T 560090 4447027
Minerals: cpx, opx, ol, spl, mgt, serp
Opx with cpx exsolution lamellae serpentinized Mgt grain surrounded by ol and serp
Vo 43
Interstitial cpx surrounded by ol, opx and 
serpentine vein
Overview with ol and mgt grains
Vourinos
Location:  34T 559160 4447499
Minerals: cpx, opx, ol, spl, mgt, serp
Serpentine texture with ol grains
Vourinos
Spl grain with cpx (right) and ol 
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Vo 56
Location:  34T 565977 4433453
Minerals: cpx, opx, ol, spl, mgt, serp
Interstitial cpx surrounded by opx, ol and serp Spl grain surrounded by ol, opx and tinny cpx
Vo 57
Ol grains in serpentineCpx, ol and spl grains in serpentine
Vourinos
Location:  34T 565977 4433453
Minerals: cpx, opx, ol, spl, serp
Spl grain surrounded by ol
Vourinos
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Vo 67
Location:  34T 553879 4443052
Minerals: cpx, opx, ol, spl, mgt, serp
Spl grain surrounded by ol and opx grains Interstial cpx and ol in opx
P 6
Spl grain surrounded by ol, opx, serp and cpxOl grains in serpentine matrix
Vourinos
Location:  34S 518520 4415738
Minerals: cpx, opx, ol, spl, mgt, serp
Ol and opx grains in serpentine matrix
Vourinos
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CIG 1
Location:  708’900 / 132’450
Minerals: cpx, opx, ol, amph, garnet, il
Textural overview Cpx grain surrounded with garnet, il, opx and ol
CIG 2
Mag in chlorite matrix around cpx and olMag (black) in chl matrix surrounded by amph, ol 
and opx
Cima di Gagnone
Location:  707’700 / 131’750
Minerals: cpx, opx, ol, amph spl, il, chl, mag
Amph grains in chl with mag, cpx, ol and opx
Cima di Gagnone
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CIG 1
Two ilmenite grains within an amphibole grain
CIG 3
Ol grains enclosing mag and talc grainsTextural overview
Location:  707’500 / 131’350
Minerals: opx, ol, amph spl, mgt, talc, mag
Talc grain surrounded by ol and mag
Cima di Gagnone
Cima di Gagnone
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Additional Li, Be and B measurements
In the orientation phase at the beginning of the thesis, samples of ultramafic rocks from 
different geodynamic settings were studied. Then, work focused on ODP Leg 209 samples 
and on the transect Totalp-Platta-Malenco. This appendix contains light element (Li, Be and 
B) concentrations obtained by in-situ measurements of minerals from the Vourinos ophiolite 
(Greece) and the Cima di Gagnone ultramafic body (Swiss Alps). The Vourinos ophiolite, 
adjacent to the Pindos ophiolite (see Pelletier et al. 2008) represents non-metamorphic 
oceanic mantle and crust. The Cima di Gagnone ultramafic body represents hydrothermally 
altered, subducted oceanic mantle and crust, metamorphosed at high pressures and later 
retrogressed to different degrees. The analytical procedures are the same as described in 
chapter II of this thesis.
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Fig. A.1. Simplified map of the Vourinos ophiolite with sample locations indicated.
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Fig. A.4. Cross section through the Pindos-Vourinos ophiolite body, after Robertson (2000). 
formed part of several tectonic plates, which are, from NE
to SW, the Eurasian continent, the Vardar ocean, the
Pelagonian microcontinent, the Pindos ocean, and the
Apulian^Adriatic microplate (Stampfli & Borel, 2004).
Two different origins were proposed for the ophiolites in
Greece: (1) all the Sub-Pelagonian ophiolites come from the
Vardar ocean, and their actual regional distribution is a
consequence of post-obduction extensional tectonics
(Aubouin, 1959; Dercourt et al., 1986, 1993; Jacobshagen,
1986); (2) the actual regional distribution of the ophiolites
reflects their origin in different ocean basins. In this
context, the Pindos, Vourinos and Othris ophiolites are
assigned to the Pindos basin, located to the west of the
Pelagonian microcontinent (Smith & Woodcock, 1976;
Robertson et al., 1991). Another debated point is the nature
of these small ocean basins.They could be related to a fore-
arc environment (Dilek & Flower, 2003), to back-arc
spreading (Stampfli et al., 1998), or to a Red Sea-type rift-
ing (Robertson et al., 1991).
In the Late Jurassic the future Sub-Pelagonian ophiolites
were obducted onto the passive margin of the Pelagonian
microcontinent. Stampfli & Borel (2004) explained the
large-scale obduction by ridge failure in theVardar ocean,
induced by continuous rotation of Africa. The obduction
onto the Pelagonian microcontinent must have been pre-
ceded by intra-oceanic obduction, as the metamorphic
soles at the base of the ophiolites are mainly composed of
metabasite and metasediment (Jones & Robertson, 1991;
Ross & Zimmerman, 1996). The metamorphic soles gener-
ally recrystallized under greenschist- to amphibolite-facies
conditions and were dated at 169^176 Ma (Pe-Piper &
Piper, 2002, and references therein).
According to Robertson & Shallo (2000), the Sub-
Pelagonian ophiolites can be subdivided into two groups:
(1) the ‘Eastern-type’ ophiolites, including the Eastern
Albanian and the Vourinos ophiolites, are interpreted as
SSZ-type ophiolites, which formed above an intra-oceanic
subduction zone in the Late Jurassic; (2) the ‘Western-type’
ophiolites, including theWestern Albanian, the Othris and
the Pindos ophiolites, which were formed during the Early
Jurassic at a slow-spreading ridge system (MOR-type
ophiolite); at the onset of subduction, they evolved to
SSZ-type ophiolites.
THE PINDOS OPH IOL ITE
The northern Pindos mountains are made up of a series of
imbricate Mesozoic and Tertiary thrust sheets, which
include the Jurassic Pindos ophiolite (Capedri et al., 1980;
Jones & Robertson, 1991). Five tectono-stratigraphic units
were described by Jones & Robertson (1991): (1) the Pindos
Ophiolite Group (Jurassic, Fig. 2) with three subunits,
the Dramala Complex (dismembered ultramafic rocks),
the Loumnitsa Unit (metamorphic sole), and the Aspropo-
tamos Complex (dismembered intrusive and extrusive
rocks); (2) the shallow-water limestones of the Orliakas
Group (Late Cretaceous); (3) the Avdella Me¤ lange (Late
Triassic^Late Jurassic) with volcanic rocks and sediments
of a subduction^accretion complex; (4) the deep-water
sediments of the Dio Dendra Group (Late Jurassic^Late
Cretaceous); (5) the Pindos Flysch (Late Cretaceous^
Tertiary). The following description will focus on the
Pindos Ophiolite Group and the Avdella Me¤ lange, which
are relevant for this paper.
The Dramala Complex represents oceanic mantle and
part of its crustal sequence. It includes tectonized spinel
harzburgite and minor plagioclase-bearing harzburgite,
websterite, pyroxenite, and ultramafic cumulates (Jones &
Robertson, 1991; Ross & Zimmerman, 1996; Pe-Piper &
Piper, 2002). All these ultramafic rocks have slightly to
highly serpentinized equivalents. Locally, breccias of harz-
burgite and chert are cemented by ophicalcite, showing
that the Dramala mantle was once exposed on the sea
floor (Jones et al., 1991). Harzburgite fabrics from the
Pindos and Vourinos ophiolite complexes are very similar
(Rassios, 1991; Rassios et al., 1994), and the results of mag-
netic studies suggest a connection underneath the
Mesohellenic Trough (Rassios & Moores, 2006), support-
ing the idea that both ophiolites were derived from the
same oceanic lithosphere. The Dramala ultramafic rocks
are overlain by crustal cumulates with plagioclase-bearing
dunite, troctolite and anorthosite gabbro (Capedri et al.,
1982; Rassios, 1991).
The Loumnitsa Unit (metamorphic sole) is located at the
base of theDramalaComplex andconsists ofmetasediments
and metabasites, with MORB and within-plate basalt
(WPB) affinities (Jones & Robertson, 1991). This unit was
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Fig. A.3. Map of the Vourinos ophiolite and 
surrounding rocks showing the sampl  location 
(from Liati et al., 2004). 1: Triassic-Jurassic 
marbles; 2: peridodites and dunites; 3: ultramafic 
cummulates; 4: diorites, gabbros, plagiogranites; 
5: basalts, dolerites; 6: Cretaceous limestones; 
7: gneisses; 8: mélange; 9: sediments (late 
Jurassic-Oligocene).
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Points Minerals Li ug/g sigma (Li) Be g/g sigma (Be) B ug/g sigma (B)
Vo41C2cp1 cpx 2.776 3.95% 0.002 105% 0.185 31.82%
Vo41C3cp2 cpx 7.309 2.44% 0.003 87% 0.191 21.86%
Vo43C2cp3 cpx 3.561 2.82% b.d.l. - 0.650 18.50%
Vo43C3cp1 cpx 4.316 2.87% b.d.l. - 0.606 17.31%
Vo43C3cp2 cpx 3.017 4.41% 0.002 118% 0.066 46.69%
Vo43C4cp4 cpx 4.112 4.73% b.d.l. - 0.234 29.35%
Vo43C4cp6 cpx 4.241 5.06% b.d.l. - 0.042 45.58%
Vo56C1cp1 cpx 3.385 3.49% 0.001 161% 0.016 97.39%
Vo56C1cp1 cpx 3.663 2.06% b.d.l. - 0.024 115.86%
Vo56C4cp2 cpx 3.103 4.06% b.d.l. - 0.016 108.79%
Vo56C4cp6 cpx 3.450 3.93% 0.001 162% 0.009 67.31%
Vo57C3cp3 cpx 1.833 4.62% 0.009 55% 0.042 41.97%
Vo57C4cpx1 cpx 1.967 4.37% 0.006 31% 0.325 17.58%
Vo57C5cp3 cpx 1.338 5.45% 0.007 42% 0.178 27.37%
Vo57C5cp4 cpx 1.696 6.83% 0.008 52% 0.137 28.20%
Vo67C1cp5 cpx 0.960 4.08% b.d.l. - 0.064 24.57%
Vo41C4cp4 cpx 1.818 5.90% b.d.l. - 0.032 45.96%
Vo67C1cp8 cpx 3.546 17.27% 0.002 94% 6.755 10.07%
Vo41C3ol5 ol 0.846 5.22% b.d.l. - 0.165 33.29%
Vo41C5ol3 ol 0.850 7.53% b.d.l. - 0.207 20.78%
Vo41C5ol5 ol 0.872 6.71% b.d.l. - 0.029 36.42%
Vo43C1ol1 ol 0.723 5.23% 0.001 175% 0.043 53.77%
Vo43C1ol3 ol 0.683 6.28% b.d.l. - 0.079 44.52%
Vo43C2ol5 ol 0.622 6.12% b.d.l. - 0.013 106.30%
Vo43C2op1 ol 0.633 5.23% b.d.l. - 0.026 46.02%
Vo43C3op1 ol 0.882 5.73% b.d.l. - 0.140 14.59%
Vo43C5ol2 ol 0.750 7.10% b.d.l. - 0.024 43.46%
Vo43C5ol3 ol 0.784 3.77% b.d.l. - 0.008 81.59%
Vo56C4ol5 ol 1.150 6.80% b.d.l. - 0.012 147.74%
Vo57C3ol1 ol 0.471 7.46% b.d.l. - 0.030 55.14%
Vo57c4ol1 ol 0.695 6.14% b.d.l. - 0.031 41.72%
Vo67C1ol2 ol 0.984 3.04% b.d.l. - 0.208 27.22%
Vo67C1ol3 ol 0.795 6.00% b.d.l. - 0.054 49.41%
Vo67C1ol4 ol 0.851 2.98% b.d.l. - 0.070 19.26%
Vo67C1ol4-2 ol 0.740 5.84% b.d.l. - 0.055 55.91%
Vo67C1ol5 ol 0.831 5.27% b.d.l. - 0.050 30.46%
Vo67C2ol3 ol 0.840 3.14% b.d.l. - 0.047 31.56%
Vo67C1ol1 ol 0.706 4.92% b.d.l. - 0.050 22.25%
Vo43C2ol3 ol II 0.568 7.37% 0.001 170% 0.315 23.59%
Vo43C4ol1 ol II 0.693 5.46% 0.001 116% 0.328 30.17%
Vo56C1ol5 ol II 1.031 3.27% b.d.l. - 0.005 151.17%
Vo56C1ol7 ol II 0.484 10.39% b.d.l. - 0.009 116.59%
Vo56C3ol1 ol II 0.546 7.03% b.d.l. - 0.096 28.05%
Vo56C3ol3 ol II 1.314 8.29% b.d.l. - 0.000 78.54%
Vo57c4ol1 opx 2.193 27.22% 0.004 47% 0.053 39.59%
Vo43C2op10 opx 1.182 4.04% b.d.l. - 0.021 72.48%
Vo43C2op3 opx 0.905 5.79% b.d.l. - 0.010 65.58%
Vo43C3op? opx 0.494 6.79% b.d.l. - 0.032 22.60%
Vo43C3op2 opx 1.467 3.05% b.d.l. - 0.128 25.03%
Vo43C4op5 opx 0.814 9.21% b.d.l. - 0.051 32.73%
Vo56C3op3 opx 0.619 5.45% b.d.l. - 0.011 78.98%
Vo56C3oppr1a opx 0.673 7.36% b.d.l. - 0.011 98.14%
Vo56C3oppr1b opx 0.691 7.45% b.d.l. - 0.011 110.26%
Vo56C4op4 opx 0.547 10.86% b.d.l. - 0.041 46.67%
Vo56C4op6 opx 0.653 5.06% 0.001 227% 0.016 61.20%
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Punkt Mineral Li ug/g sigma (Li) Be ng/g sigma (Be) B ug/g sigma (B)
Vo56C4op7 opx 0.627 6.68% b.d.l. - 0.009 72.63%
Vo57C1op1 opx 0.356 6.88% 0.002 69% 0.037 46.81%
VO57C1OP3 opx 0.660 5.43% 0.002 56% 0.293 20.49%
Vo57C3opp2-1 opx 0.749 5.11% 0.001 140% 0.044 42.74%
Vo57C3opp2-1 opx 0.445 5.55% 0.003 57% 0.024 37.47%
Vo57C5op2 opx 0.834 5.47% 0.004 29% 0.057 33.68%
Vo67C1op6 opx 0.962 5.26% 0.002 89% 0.064 36.40%
Vo67C2op1 opx 1.202 4.43% b.d.l. - 0.068 40.64%
Vo67C2opp1-1 opx 12.551 2.78% 0.001 141% 0.047 38.38%
Vo67C2opp1-2 opx 1.349 5.89% 0.002 90% 0.065 19.11%
Vo67C1op2 opx 0.384 7.42% b.d.l. - 5.407 3.28%
Vo67C1op3 opx 0.352 4.99% b.d.l. - 2.566 5.46%
Vo43C2op7 opx II 0.895 4.53% 0.003 274% 0.038 35.18%
Vo43C4op1 opx II 0.610 8.82% b.d.l. - 0.074 36.16%
Vo56C1op5 opx II 0.487 10.08% 0.001 141% 0.007 123.12%
Vo41C3sr7 serp 4.538 3.75% 0.004 67% 4.512 6.18%
Vo41C3sr9 serp 1.662 9.46% 0.002 72% 1.825 22.82%
Vo43C1sr3 serp 2.035 7.13% b.d.l. - 1.118 25.72%
Vo43C2sr2 serp 0.190 10.69% 0.004 276% 4.362 11.34%
Vo43C3sr10 serp 0.742 10.27% b.d.l. - 0.602 20.11%
Vo43C3sr12 serp 0.743 7.27% b.d.l. - 4.842 15.09%
Vo43C3sr2 serp 6.151 2.89% b.d.l. - 3.983 4.46%
Vo43C4sr4 serp 1.488 7.79% b.d.l. - 11.780 10.67%
Vo43C5sr5 serp 4.437 56.19% 0.000 167% 0.729 50.58%
Vo56C1sr5 serp 1.850 4.70% b.d.l. - 0.193 21.12%
Vo56C3sr1 serp 0.333 9.33% b.d.l. - 2.359 7.88%
Vo56C3sr3 serp 0.452 8.20% b.d.l. - 2.054 6.43%
Vo56C4sr2 serp 0.613 4.39% b.d.l. - 1.060 6.27%
Vo56C4sr6 serp 0.618 6.79% b.d.l. - 1.342 6.52%
Vo57c1sr1 serp 0.121 18.73% 0.001 91% 25.490 18.30%
Vo57C2sr2 serp 0.121 11.13% b.d.l. - 5.392 15.73%
Vo57C3sr2 serp 0.021 15.09% 0.002 94% 25.795 55.87%
Vo57C5sr7 serp 0.151 10.58% 0.002 69% 5.466 12.29%
Vo41C2sr1 serp 2.122 7.81% 0.003 52% 3.325 4.10%
Vo41C4sr2 serp 12.355 1.21% 0.002 60% 2.041 6.76%
Vo41C4sr7 serp 8.157 3.68% b.d.l. - 2.102 4.89%
Vo41C5sr6 serp 2.558 6.47% 0.001 81% 4.784 24.20%
Vo41C5sr8 serp 2.239 6.86% b.d.l. - 10.728 7.03%
Vo41C5sr9 serp 1.334 6.23% b.d.l. - 3.155 5.78%
Vo41C5sr9 serp 1.371 6.21% b.d.l. - 2.296 7.52%
Vo57C5Sr3 serp 0.338 46.64% 0.001 100% 26.263 9.60%
Vo57C3sr2 serp 0.058 24.67% 0.001 115% 1.738 18.45%
Vo57C3sr1 serp 0.033 25.93% b.d.l. - 7.131 30.38%
Vo41C4sr8 serp 11.150 4.05% 0.002 115% 2.225 19.87%
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Fig. A.6. Tectonic unit sourrounding the Cima di Gagnone peridotites (after Evans and 
Trommsdorff, 1978)
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Points Minerals Li g/g sigma (Li) Be g/g sigma (Be) B g/g sigma (B)
cig2c5trem1 amph 2.25 3.69% 0.015 37.26% 6.85 2.49%
cig2c5trem2 amph 2.58 5.60% 0.027 33.31% 7.25 4.04%
cig2c5trem10 amph 26.36 4.57% 0.526 10.06% 23.31 3.16%
cig2c5trem13 amph 8.85 7.31% 0.203 13.75% 12.64 5.75%
cig2c4trem6 amph 2.69 2.91% 0.037 36.46% 9.02 2.67%
cig1c1xx12 amph 1.77 7.62% 0.031 19.32% 1.77 8.47%
cig1c1xx9 amph 1.69 3.76% 0.046 14.39% 2.56 8.98%
cig1c2xx6 amph 2.73 11.51% 0.095 16.13% 4.72 3.67%
cig1c4xx10 amph 0.56 11.00% 0.008 66.12% 1.02 13.53%
cig1c4cp1 amph 4.69 2.69% 0.096 15.50% 0.16 40.38%
cig3c3tc3 cl 1.43 10.85% 0.088 53.19% 9.50 27.23%
cig2c5sr10 cl 0.48 7.03% 2.119 133.89% 2.24 6.22%
cig2c5sr9 cl 0.79 5.13% 5.690 68.83% 2.39 3.22%
cig2c5sr13 cl 0.68 5.48% 3.306 122.65% 0.94 7.72%
cig2c5sr15 cl 0.57 10.23% 4.728 76.07% 1.47 7.61%
cig2c4sr2 cl 0.59 8.16% 4.010 92.09% 0.94 16.73%
cig2c4sr6 cl 0.39 4.39% 3.199 91.45% 1.21 11.41%
cig2c4sr3 cl 1.03 13.19% 11.677 76.42% 1.09 33.64%
cig1c1cp1 cpx 2.96 4.81% 0.089 19.64% 0.21 8.19%
cig1c1cp2 cpx 4.88 3.60% 0.117 15.31% 0.10 23.21%
cig1c1cp9 cpx 3.97 3.83% 0.114 15.87% 0.17 25.77%
cig1c2cp1 cpx 2.99 5.22% 0.104 15.65% 0.14 38.96%
cig1c2cp8 cpx 8.65 3.60% 0.090 20.27% 0.20 31.24%
cig1c4cp2 cpx 3.14 4.36% 0.115 14.10% 0.16 29.38%
cig1c1xx5 ga 0.10 19.73% 0.002 134.14% 0.03 66.12%
cig1c4xx7 ga 3.71 3.57% 0.090 16.16% 0.13 8.82%
cig1c1xx2 ga 1.79 7.91% 0.026 36.97% 2.06 10.94%
cig1c1xx26 ga 1.60 4.74% 0.031 36.65% 1.71 7.08%
cig1c1xx29 ga 0.26 12.33% 0.001 152.80% 0.04 19.10%
cig1c2cp5 ga 0.16 13.91% 0.001 167.03% 0.05 65.36%
cig2c5ol6 ol 3.43 3.02% 3.680 260.98% 0.56 18.30%
cig2c5ol10 ol 3.32 2.92% 0.458 300.00% 0.81 12.12%
cig2c5ol13 ol 3.82 4.44% 0.915 200.02% 0.69 10.13%
cig2c5ol14 ol 2.66 3.57% 0.934 200.00% 0.45 7.30%
cig2c5ol17 ol 3.47 3.79% b.d.l. - 0.60 12.40%
cig2c4ol5 ol 4.69 1.79% 0.482 300.00% 0.27 13.93%
cig2c4ol6 ol 3.93 4.32% 1.409 152.76% 0.49 7.79%
cig1c1ol8 ol 1.90 3.92% b.d.l. - 0.50 16.48%
cig1c1ol7 ol 1.26 5.12% b.d.l. - 0.36 14.48%
cig1c2xx1 ol 1.40 5.63% 0.028 38.42% 1.72 6.10%
cig1c2ol3 ol 1.61 4.40% 0.000 300.01% 0.30 12.59%
cig1c2ol5 ol 1.88 7.62% 0.001 152.77% 0.29 23.72%
cig1c4ol2 ol 1.04 5.76% b.d.l. - 0.36 23.97%
cig3c3ol2 ol 42.43 4.46% 0.013 229.39% 7.61 10.44%
cig3c3ol4 ol 66.25 2.34% 0.007 200.01% 36.50 7.53%
cig3c3ol7 ol 34.37 3.83% 0.006 200.01% 9.84 10.81%
cig3c3ol14 ol 69.11 2.56% 0.010 152.80% 26.39 4.08%
cig3c3ol16 ol 47.19 4.40% 0.014 165.39% 44.17 3.57%
cig3c1ol13 ol 59.33 1.74% 0.007 200.01% 29.90 5.53%
cig3c1ol120 ol 53.34 2.43% 0.007 300.01% 23.99 5.69%
cig3c1ol18 ol 29.44 5.09% 0.022 133.64% 9.09 9.96%
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Points Minerals Li g/g sigma (Li) Be g/g sigma (Be) B g/g sigma (B)
cig1c1op6 opx 0.50 7.53% 0.018 38.01% 0.22 19.86%
cig1c1op5 opx 0.41 9.68% 0.017 42.91% 0.21 19.92%
cig1c2op2 opx 0.46 7.15% 0.031 24.38% 0.17 22.58%
cig1c2op4 opx 0.32 13.16% 0.017 40.89% 0.22 27.42%
cig1c4op4 opx 3.01 17.17% 0.194 19.64% 6.47 4.27%
cig1c4op7 opx 0.28 10.34% 0.017 53.19% 0.17 29.92%
cig2c5op8 opx 2.93 3.73% 22.690 25.27% 0.29 13.53%
cig2c5op14 opx 2.10 2.89% 16.209 40.78% 0.25 15.62%
cig2c5op19 opx 2.39 4.03% 19.987 58.62% 0.20 12.72%
cig2c4op1 opx 11.93 2.08% 6.200 111.46% 1.04 5.95%
cig2c4op5 opx 2.85 1.87% 13.995 37.29% 0.21 20.67%
cig3c3tc5 tlc 13.75 3.42% 0.979 18.88% 75.96 5.31%
cig3c1tc12 tlc 0.24 46.26% 0.084 43.42% 15.05 32.67%
cig3c1tc16 tlc 1.05 17.20% 1.096 19.70% 11.44 11.00%
cig3c3tc6 tlc 0.37 40.29% 0.060 88.92% 24.16 25.77%
cig3c3tc9 tlc 0.53 29.09% 0.062 53.63% 16.66 26.78%
cig3c1tcpr1 tlc 0.94 10.91% 0.058 58.22% 33.65 32.00%
amph amphibole; cl chlorite; cpx clinopyroxene; ga garnet; ol olivine; opx orthopyroxene; tlc talc
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In-situ d11B measurements
On two samples (OD 2 and OD15), in-situ measurements of the B isotopic compositions 
of serpentine by SIMS were performed. As in-situ B isotope analyses is not yet established 
for serpentine minerals, the samples were measured in order to quantify the machine 
fractionation factor. This is important, because as shown in Vils et al. (2008), serpentine 
minerals control the B budget of serpentinites, thus serpentine should control also the d11B 
whole rock value. 
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Fig C.2. Diagram showing d11B values of whole rock (TIMS) versus in-situ (SIMS) measurements of 
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Appendix D
Strip heater protocols
In Appendix D, protocols used and developed for work with the Iridium-strip heater are 
presented. Given that every strip heater has its proper characteristics, the following protocols 
only refer to the strip heater at the University of Neuchâtel.
Strip cleaning:
While cleaning of the strips, be aware that HF is a very dangerous acid and all necessary 
precautions should be taken to prevent the smallest accident!!!
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Peridotite Protocol for Ir-Strip Heater
Preparation
 
 Mix homogenize sample powder with ultrapure-quartz (2:8; 0.02g; 0.08g)1. 
 Note exact measurements2. 
In the strip heater laboratory:
 Clean the inside of the strip heater from dust, etc. by wiping out with an ethanol   3. 
	 humidified	kimwipe
 Preclean agate mortar with ethanol4. 
 Mix the powder in the agate mortar, until reaching a homogenous mass5. 
 Put fresh strip on the machine6. 
 Add small amount of powder on the strip7. 
 Set voltage to 32V.8. 
 Close strip heater with the 3 screws9. 
Open argon valve (just a little bit)10. 
Close all valves on the machine (including argon valve)11. 
Start pumping (the pumping valve has to be open)12. 
Fill	the	chamber	with	argon	(repeat	pumping-filling	3-4	times)13. 
Stop pumping, close corresponding valve14. 
Fill chamber with argon (untill 1 bar)15. 
Switch energy on and leave it on for 60s!!!!16. 
Measure in the meantime the voltage on the strip (with voltmeter) at transformer 217. 
Switch	energy	off	and	open	at	the	same	time	the	argon	valve	(bottle)	to	shock	the		 	18. 
 glass
Open the valve to let argon out19. 
Open	the	chamber	and	stop	argon	flow20. 
Extract your glass and use the other side for the next experiment21. 
Clean agate mortar and spatulas with ethanol (technical)22. 
At the End:
Clean the strip heater lab, so the next person can use it.23. 
Inform responsible person if there is still enough strips and cleaning material around24. 
Remarks:
Homogeneizing within a agate mortar can be left out, if one is sure that sample amount 
used	is	homogeneous;	it	is	important	for	ultra-mafic	rock,	as	quartz	prevent	olivine	formation	
during quenching (spinifex-texture).
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Ir-Strip Cleaning Protocol
PLEASE READ IN ADVANCE  THE
‘HOW TO WORK WITH HF’-RULES
Equipment: 
Wear goggles•	
Wear gloves in double layer •	
Wear laboratory mantle to protect clothes•	
Always inform somebody that you are handling with HF•	
Mark	working	space	with	HF-work	in	progress!•	
In EMERGENCY CASE
Droplets on clothes or shoes: TAKE them off immediately•	
Droplets	on	skin:	wash	off	 immediately	with	tap	water	and	apply	a	thick	 layer	of	Ca-•	
gluconate paste
 Precleaning of the strips (getting rid of glass rests)1. 
	 Add	the	strips	into	a	Teflon	screw	top	beaker	(no	more	than	20)	and	fill	up	with	20%		2. 
 HF acid from reservoir bottle (no drops beside!!!)
	 Close	the	Teflon	screw	top	beaker	tightly	and	put	them	on	a	plate	(50°C)	and	leave		 	3. 
 them overnight (12 hours) to dissolve the rest of glasses on the stripe
	 Intermittently,	put	the	firmly	closed	beaker	in	an	ultrasonic	bath	to	enhance	cleaning		4. 
 (and prevent buildup of jelly coatings on strips)
	 Take	the	strips	out:	gently	open	the	beaker,	and	pour	HF-acid	into	another	beaker;		 	5. 
	 repeatedly	flush	the	strips	in	this	beaker	with	Milli-Q	water
 Repeat steps 2-5 with a clean HF acid6. 
	 Dry	them	(under	Infra-red	light	or	in	an	oven	(50-75°C)	7. 
 Put the stripes for an hour in HNO8. 3	(concentrated)	-	again	in	a	Teflon	screw	top		 	
	 beaker,	and	firmly	close	the	lid
	 Take	the	stripes	out:	gently	open	the	beaker,	and	pour	HNO9. 3 acid into another    
	 beaker;	repeatedly	flush	the	strips	in	this	beaker	with	Milli-Q-water
Dry	them	(under	Infra-red	light	or	in	an	oven	(50-75°C)10. 
Put them in the clean Ir-strip box 11. 
Finish the procedure by putting the used HF into the HF-trash bottle and the HNO12. 3   
 into the HNO3-trash bottle
Clean	working	space.13. 
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Additional measurements
Additional measurements were conducted on the studied samples, and results are reported 
in this Appendix. Whole-rock samples from Vourinos (Greece), Pindos (Greece) and ODP 
Leg 209 Site 1272A and 1274A were analyzed with prompt gamma activation (PGAA) at the 
Institute of Isotopes at the Hungarian Academy of Sciences (some published in Pelletier, 2008 
and Vils et al., 2008). Results are summarized in Table D.1. To identify serpentine polymorphs 
TEM analyses were performed on one sample from ODP Leg 209 (OD 28). A Philips CM20(0) 
TEM at the Institute of Microtechnologiy (UNINE) was used. The major findings are presented 
in the figure captions.
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400nm
150 nm
Fig. D.1. TEM image showing 
chrysotile overgrowing lizardite 
flakes. In black, an oxide inclu-
sion is visible.
Fig. D.2. Chrysotile grains overgrow-
ing each other. The inner channel of 
the spiral structures is visible.
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